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Abstract 
 
 
The aim of the research was to produce hollow yarn knitted fabrics with improved 
thermal comfort properties. Thermal comfort properties and utility properties determine 
the wearing comfort of textiles and the suitability of a new textile product for a particular 
application. Both, Thermal comfort properties such as thermal absorptiveness, thermal 
conductivity, air permeability and utility properties like percent stretch, spirality, bursting 
strength of core yarn knitted fabrics and hollow yarn knitted fabrics were assessed.   
A new method was proposed and discussed for producing hollow yarns at fabric 
stage (in this case knitted fabric) which involved the following steps: - 
 a) Production of ring spun yarns, comprising nylon as a core and cotton as a 
sheath, using Ring Spinning System. 
 b) Production of knitted fabrics of different knit structures viz., single jersey, rib 
and interlock using above mentioned yarn. 
  c) Dissolution of core element i.e. Nylon into formic acid to obtain hollow yarn 
knitted fabrics and this hollow yarn knitted fabrics can be tailored for specific end use.  
The study covers comparative analysis of thermal insulation properties like 
thermal absorptiveness, thermal conductivity and others for core yarn knitted fabrics and 
hollow yarn knitted fabrics and the influence of the count of core nylon filament and the 
type of knit structures on the thermal properties of the fabrics. 
Based on the results obtained from the work, it can be stated that hollow yarn 
knitted fabrics offer numerous possibilities for creating fabric properties which influence 
their comfort of use. 
 
 
 
 
 
 
 13 
 
1.0 Introduction 
 
The primary function of clothing is to provide protection to the human body against 
unsuitable environment. The clothing also maintains the thermal balance between the 
body and the environment. Human body can be regarded as an open system, which is 
always in a state of interaction with its surrounding environment. If human body is an 
open system then there are three factors that govern the functioning of the system. The 
first factor that governs the functioning of human body is the physical properties of the 
garment. Different fibers behave differently in respect to heat absorption and heat 
retention from the human body, moisture transfer from the body surface to the garment 
surface. This factor relatively affects the other two factors. The second factor is the 
physiological process of the human body. In this process nerves in the body act as a 
sensory reception system, that senses the thermoregulatory responses and dynamic 
interactions with the garments and the environment. The final factor that governs the 
system is the process of forming subjective perception of comfort sensations and 
preferences from various sensory signals. This is different from the physiological process 
(the stimuli) because it is the reaction to stimuli [1]. 
Thermo-regulatory or thermal comfort properties may be enhanced by selecting the 
optimum combination of fabric properties and their structure when making the clothing. 
Careful choice of fiber type, allied with a suitable twist, can produce yarns that will 
impede or enhance the passage of heat energy [1]. Yarns may be woven, knitted or 
otherwise used in constructing fabrics which can provide a high degree of thermal 
insulation, which can enhance the transfer of heat through them. By incorporation of 
fabrics into garments that are designed specifically for a desired end-use, the rate of 
transfer of heat from the body to the exterior environment can be increased or decreased 
over a wide range. Combinations of fabric construction, chemical finishes, and garment 
construction can also keep the body warmer or cooler, depending on the environmental 
conditions.  Due to the importance of thermal functions of textile products and increasing 
demand from customers with different requirements with respect to thermal properties, 
there is a need to develop textile products that can meet the specific requirements of 
customers [2]. Hollow yarns serve as one of the options to acquire versatile thermal 
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functions in order to gain thermo regulatory properties in a fabric, which can in turn be 
used to suit specific end use. 
 
Hollow Yarn 
 
Hollow fibers have a hollow cross section, they have at least one hollow void 
enclosed within the fiber and running the entire length of the fiber.  Hollow fiber refers to 
systems based on hollow semi-permeable fibers that are used for protein separation and 
cell culture. “Hollow Yarn” is the term generally referred to hollowness in the normal 
cotton yarn. It is hypothesised for this work that hollow yarns can be used to improve 
thermo regulatory and comfort properties of fabrics or garments in which they are used. 
The benefits of producing/using hollow yarns for the above said purpose lie in their 
ability to entrap air in the yarn and improved moisture and water retention/absorption 
properties. The hollow yarn has a unique structure with low packing density and high 
bulkiness which makes it lighter in weight.   
It is further believed that the intrinsic benefits of hollow yarns can be more 
exploited when used for making knitted fabrics rather than woven fabrics. Therefore, the 
study will focus on using/producing hollow yarns for knitted fabrics.  
The best method to produce hollow yarn is to ensure that the filament used as a 
core yarn provides high strength and other functional characteristics that are necessary for 
spinning. Hollow yarns can be produced using different spinning techniques that more or 
less involve reducing the fiber packing density in the core of the yarn. This improves the 
softness and bulkiness of spun yarn. Furthermore, it provides sufficient improvement in 
the mechanical properties of the yarn during the spinning and the knitting process. Then 
the core component is removed from the yarn structure after knitting by means of 
chemical treatment, leaving a hollow space in the yarn center. Air then replaces the 
extracted filament. The yarn is now hollow because of the empty space in its center.  
 
             There are two aspects in which the hollow yarns differ from regular staple yarns. 
These should be considered when evaluating their relative merits. Firstly, in hollow yarns 
before chemical treatment, the tensile properties of the hollow yarns depend on their 
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constituent components. Therefore, using a strong filament yarn in the center is essential 
to improve the strength of the yarn and for better spinning and knitting efficiency. 
Secondly, the hollow yarns have a special, unique structure different from regular staple 
yarns that affects both its structural and mechanical properties. 
  
    Few methods are available in the literature for producing hollow yarns by 
extracting the core component in a suitable solvent. In one of the previous research [3], 
hollow yarns have been produced at the fabric stage using PVA (poly vinyl alcohol) 
filament in the core and cotton as sheath and then extracting the PVA in a suitable 
solvent. The research further showed [3] that there are certain limitations when PVA is 
used as a core filament. The results show that the hollow yarns with high PVA percentage 
do not show good tensile properties and irregularity. Both spinning and PVA extraction 
increased the regularity of the cotton component in the yarns or hollow yarn products. 
Also, the hollow yarns produced in this research are not meant to be used specifically for 
improving thermal comfort properties. 
In this study, a new method of producing hollow yarns at fabric stage has been 
proposed, which has been described in detail in section 4.0 of this thesis and the process 
chart is outlined in figure 11. This forms the base of this research discussed in following 
next chapters. The study also aims to carry out comparative analysis of various 
thermoregulatory properties of hollow yarns in fabric state and to make the 
recommendations about the possibilities of their use.  
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2. 0 Aim of the Project 
 
 
• To produce the Nylon Cotton Core-spun Yarn by using Ring Spinning 
Technology. 
 
• To produce knitted fabrics using aforementioned core spun yarn. 
 
• To produce the cotton hollow yarn fabrics by dissolving/extracting nylon 
components from the yarn when they are formed into fabrics. 
 
• To carry out comparative analysis of thermoregulatory/ thermal comfort 
properties such as thermal absorptiveness, thermal conductivity, thermal 
diffusion, thermal resistance, and others for the hollow yarn knitted and 
the core yarn knitted fabric.  
 
• To identify the suitable end use of cotton hollow yarn knitted fabric and 
core yarn knitted fabric. 
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CHAPTER 3 
 Background research and Literature Review 
 This chapter comprises of four sections. The first section discusses the heat balance and 
thermal comfort. The second section considers mechanism of thermoregulation by human 
body, research done on how clothing contributes to maintain thermal comfort, thermal 
function of clothing and properties of thermal insulating textiles which are studied 
extensively to assess their performance. The third section outlines review of thermal 
insulating textile materials providing improved thermal comfort. The fourth section 
discusses the methods of producing core yarns and their relative merits that influence 
core yarn production. Finally, this chapter concludes with the brief note on the rationale 
of the present work and explains the scope of the present work. 
 3.1 Heat Balance and thermal comfort 
3.1.1 Heat balance in Human Body 
The body temperature is the most important factor in deciding comfort to the 
human body. Since the thermo neutrality for humans is about 28
o
C, extreme differences 
between body temperature and environmental temperature exist that are up to 80
o
C on the 
cold side and 20
 o
C on the warm side [4]. Maintenance of temperature is critical to ensure 
optimal physiological function and optimizing human performance. Some small 
deviations in body temperatures (± 1 or 2
 o
C) may benefit human performance. The 
Human body constantly produces heat and this must be transferred to the environment. 
Heat balance exists when the rate of heat production is equal to the rate of heat loss. This 
can be written as following equation [5]: 
M-W = R+C+E+L+K+S 
Where:  
M = total rate of energy production  
W = rate at which external work is being performed 
R = radiation (heat loss or gain) between skin or clothing surface and surrounding 
surfaces e.g. walls, sun etc. 
At rest, in a thermo neutral environment (21°C), 60% heat loss from nude body is by 
radiation. 
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C = convection (air close to body absorbs heat), which is a form of conduction to the 
surrounding air and is the heat loss (or gain) by the mixing of air close to the body 
surface. Convection are of two types:- 
natural convection (in still air the body produces an upward flow of warm air) forced 
convection (movement of air past the body e.g. wind).  
At rest as above, convection accounts for 18% of heat loss.  
E = evaporation. The evaporation of water through the outer layers of skin (insensible 
perspiration) or from the skin surface when this is wetted by sweat (perspiration) or some 
other external agency.  
L = warming and wetting of air which is inhaled and then exhaled.  
K = conduction to the surfaces by direct contact with skin or clothing e.g. sitting on a 
cold surface etc. 
At rest as above, this accounts for 3% of heat loss.  
S = rate of storage of heat in the body.   
 
In practice, the body rarely attains or maintains heat balance and many factors influence 
the relative importance of the heat exchange processes. If the body attains this heat 
balance with the environment, it can be said to be thermally comfortable with the 
environment in which it is .Clothing is one of the important means, which can contribute 
to achieve this heat balance and provide thermal comfort to the human body.  
Thermoregulation by a human body can be explained by different models. The 
simplest model divides the human body into two components: the core and the shell. The 
shell is the skin temperature that varies over a greater range than core temperature. Skin 
temperature depends primarily on environmental conditions. The core is the internal body 
temperature and is controlled within a relatively narrow band by thermoregulatory 
systems.  Core temperature depends primarily on work rate. 
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Thermoregulation by human body involves three physiological mechanisms [5]:  
 
I. Vasomotor - Human skin needs blood supply to keep it functioning. The skin blood 
flow can be increased or decreased. When   the skin   blood   flow   increases, the skin 
temperature increase and this increases heat transfer to the environment, and cools the 
core. Decreasing  skin  blood  flow  cools  the skin  and  reduces  heat  transfer  to  the 
environment and warms the core. Changes in skin blood flow are most noticeable at the 
hands and feet and less  noticeable  in  the trunk  and  head. Hence, the hands and feet 
frequently feel cold first. 
 
 
II. Sudomotor (sweating) – when the skin temperature approaches core temperature, heat 
transfer from the core to the skin becomes very difficult. In hot conditions, the 
evaporation of sweat from the skin surface cools thereby improving heat transfer from the 
core.  
III. Shivering – when the skin blood flow is minimal, there may be excessive heat loss 
from the core by conduction through the shell tissues. To maintain the core temperature, 
increase in heat production is needed. This is achieved by the shivering of the body. 
Shivering is a disorganized muscular activity and increases heat production upto 300-
400%.  
 When the body changes from one thermal environment to another the following 
mechanisms are involved:  
 
I. Changing from a warm to a cold environment: 
-skin becomes cool  
-blood flows away from the skin to the core where it is warmed before flowing back to 
the skin  
-core temperature rises slightly then falls with prolonged exposure  
-shivering occurs 
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 If the body stabilizes, then large areas of the skin will receive little blood. If cooling 
continues then eventually core temperature decrease producing hypothermia which may 
result in death.  
 
II. Changing from a cold to a warm environment:  
-more blood flows from the core to the skin surface thereby raising skin temperature  
-core temperature falls but with continued exposure rises again  
-sweating is produced and evaporate. 
If the body stabilizes then large areas of the skin will receive blood and sweating will 
occur. If warming of the body continues eventually core temperature rises, producing 
hyperthermia (heatstroke) which may result in death.  
Acclimatization to heat and cold: 
 Acclimatization means adaptation to the environment when a human body is exposed to 
either hot or cold conditions [6].  
I. Acclimatization to heat: 
 In hot climates, physiological adaptations occurs which help to cool the body:  
-water intake increases  
-sweating begins and evaporates 
-behavioral changes occur: less clothing is worn, or heat is avoided  
II. Acclimatization to cold:  
The processes of cold acclimatization are not very clear. Unlike sweating, the rate of 
shivering does not increase with prolonged exposure to cold. However, other changes do 
take place.  
-the body core contracts so that much more of the body tissues are in the shell. The 
contracted core is now better insulated and therefore less heat is needed to maintain core 
temperature.  
-there is a tendency to reduce blood flow to the extremities and so the use of hands is 
more difficult and is normally reduced. However, prolonged use of the hands in cold 
climates results in more blood being diverted to these. 
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- behavioral changes occur: more or warm clothing is worn, or cold is avoided. 
3.1.2 Thermal comfort: 
Thermal comfort means that the human body is in heat balance with the 
environment.  It is crucial to keep a human body in a proper thermal and hydration state 
in different thermal environments. The body should be thermally comfortable with the 
external environment. The role of textiles in human life is changing and consumers are 
demanding high performance and functional clothing. For the applications where the 
human body is in direct contact with the textiles, thermal comfort has become a primary 
requirement [7]. Therefore, the mechanisms of maintaining uniform temperature of the 
human body, by the body itself and by the textile fabrics should be understood. 
 
3.1.3 Effect of clothing on thermal comfort of human body  
One of the fundamental functions of clothing is to keep the human body in an 
appropriate thermal environment in which it can maintain its thermal balance and thermal 
comfort. Therefore clothing is needed to protect the body against climate influence and 
against its own thermal functions under various combinations of environmental 
conditions and physical activities. 
Clothing influences not only the metabolic heat periodical, but also the conductive, 
convective, evaporative and radioactive components including interactions between and 
among these. 
Hence, an ideal clothing fabric, in terms of thermal comfort, should be produced with the 
following aspects:  
(1) should keep the skin surface dry , to reduce the heat loss from skin; 
(2) should be able to keep the body at constant temperature;  
(3)  should provide ease and comfort of movement to the wearer; 
 
 
(4) should provide human body, freedom from tactile discomforts like prickle, dampness 
and hotness. 
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Numerous studies were carried out in order to understand how clothing can provide 
thermal comfort and to determine thermal functions of clothing.  
Gagge [8] studied the sensory comfort and thermal sensation of resting, sitting unclothed 
subjects and compared them with the associated physiological responses under steady 
state and transient conditions of 12-48
0
C. When exposed to steady cold and warm 
environments, thermal comfort and neutral temperature sensation lay between 28-30
0
C 
when no physiological temperature regulatory effect was needed. Discomfort perception 
was related to lowering average skin temperature toward cold environments and 
increased sweating towards hot environments. 
Clark [9] concentrated his attention on the physical conditions existing next to the skin 
surface and used infra-red thermograph to demonstrate temperature variations over the 
body in the presence and absence of clothing. In case of a nude body, an envelope of 
warm air moves by convection or evaporation, with the surrounding environment. The 
presence of clothing interferes with the freedom of this process and thus modifies the 
amount and rate of heat loss in a complex manner. 
Mecheeles [10] suggested that the ambient air temperature had the dominant influence in 
varying the skin temperature and when the temperature is low, clothing is essential for 
the regulatory process because the body does not have the ability to continue 
compensating for heat loss under these conditions. He also suggests that in addition to 
preventing undue heat loss, clothing must also allow the escape of surplus heat or 
moisture when this is necessary. 
Li and Holcombe [11] developed a mathematical model by interfacing the model for 
naked body with a heat and moisture transfer model of a fabric in which complex 
moisture sorption process were taken  into account.  
They also reported a series of experimental measurements with garments made from 
fibers with different level of hygroscopic nature. The experiments results were compared 
with predictions by the model for an ambient condition with changing humidity. 
Hygroscopic fibres such as wool and cotton absorb moisture vapour from ambient air 
when humidity rises and release heat. Similarly when the humidity falls, moisture is 
released and heat is taken up by the fibres. Under transient conditions this sorption 
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behavior of fibres can play an important role in the heat exchange between the human 
body and the environment and in thermal comfort perceptions [12].  
David studied [13] the thermal insulation of wool clothing under transient conditions and 
found that the insulation could increase 50-70 % above normal due to moisture sorption 
by the wool. 
Staurt et al [14] investigated the heat released by dry wool garments being exposed to a 
low temperature and high humidity environment. They observed that sufficient sorption 
heats were released during the transients for subjects to perceive the heat as an increase in 
warmth. 
Harris [15] gave a way of estimating the heat stress experienced by the workers under 
light, moderate and heavy conditions of work. He recommended suitable exposure limits 
for each case.  
The microclimate within the garment can vary and can change the resultant effect on 
thermal comfort [16, 17, and 18]. Estimates of the changes in thermal or moisture 
conditions were attempted in some way in each case. Attempts to study the effect of   
clothing construction to modify the microclimate have been made by many workers. 
Forced heat exchange by using air or water cooled suits flexible tubing in the linings, 
solid-carbon-dioxide heat skins or pre-frozen jackets is credited with varying degrees of 
success [19]. These are some of the attempts made for modifying microclimate. 
 
Exposure to a hot and humid environment combined with physical work may lead to an 
elevated body temperature which may impair cognitive and / or physical performance 
[20]. During physical exertion, the primary way for a human body to dissipate heat is by 
the evaporation of sweat. The human body has a high heat capacity and 2.43 KJ of heat 
energy can be removed from the body for every gram of sweat evaporated [21]. The 
extent to which evaporation occurs depends on the relevant vapour pressure gradients (of 
the skin, air, clothing and ambient environment) and decreases as the relative humidity 
increases. If the humidity of the air is such that evaporation cannot occur, the body 
continues to store heat and the body core temperature rises. 
The resistance that a fabric offers to the movement of heat through it is obviously of 
critical importance to its thermal effects. Yankelevich [22, 23] provided a series of papers 
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on the subject, dealing with heat transfer process and dealing with the effect of air layers 
and of wind. He regarded the total thermal resistance to transfer of heat from the body to 
the surrounding air as the sum of three parameters, these being (i) the thermal resistance 
to transfer of heat from the surface of the material (ii) the thermal resistance of the 
clothing material and (iii) the thermal resistance of the air inner layer.    
Yankelevich gave an expression for the sum of the first two of these factors, which takes 
into account the movement of air through the material, and a second one for the rate of 
filtration of air through the clothing assembly for a given wind speed. He provided a 
mathematical treatment of the process of air movement through clothing and examined 
the thermal resistance of the air layers with and without the filtration effects. At a later 
stage, he found that the filtration processes occurs as a result of the difference in dynamic 
pressures on the clothing surfaces and that the effect is significantly greater with an air 
layer below the material than when clothing is tight-fitting. 
It is obvious that heat transfer through a fabric is a complex phenomenon affected by 
many factors and several of these have been examined by research workers in recent 
years. The three major factors in normal fabrics are thickness, enclosed still air and 
external air movement and all three are discussed by Yankalevich [24]. His results 
indicated that with increasing air permeability a reduction in thermal resistance takes 
place. 
Weiner and Shah [25] attempt to isolate the factors of thickness and weight and found 
that for a fixed weight, thermal insulation increases with thickness (i.e. with increased 
enclosed air) where as the property decreases with increased weight. (i.e. with decrease in 
enclosed air) 
 
On the other hand, many authors argued that entrapped air is the most significant factor in 
determining thermal insulation. Forseca [26] claimed that the thermal characteristics of 
clothing assemblies are governed decisively by the properties of the outer layer and 
interior layers occupying a part of the air layer. Their presence therefore merely serves to 
prevent a decrease in size of the still air layer by collapse of the outer garment onto the 
body. Kawabata [27] found a close correlation between the feeling of the warmth on first 
touching a fabric and the maximum absorption rate of heat flow as measured physically. 
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The third factor is that the movement of external air has only recently been subjected to 
rigorous investigation. Fonseca [28] approached and determined the insulation around a 
sectional manikin in the presence and absence of clothing. He found that, above a fixed 
air flow rate of a 2 m/sec. each individual section contributed a constant proportion of the 
total heat transfer from a nude manikin to environment and that the addition of clothing 
provides a greater relative contribution to the total insulation at higher air flows. Jaksic 
[29] proposed an equation for calculation of the thermal resistance of clothing at different 
wind velocities and found agreement within ± 6% between observed and calculated 
values of this parameter. 
Mecheels and Schmieder [30] used a skin model apparatus to investigate the thermal 
conductivity of dry samples, and the conductivity of heat and moisture, with a wide range 
of fabrics. They concluded that thickness is the controlling factor in both situation and 
that thickness effects mask any differences that may be caused by yarn properties. 
Mecheels and Umbach [31] extended the work to provide a method of measuring thermal 
insulation, moisture transport and comfort properties with changes in ambient 
temperature, air movement and the activity of the wearer. They proposed formulae to 
assist in selecting the appropriate clothing for any given combination of activity and 
atmospheric conditions in order to dispense with the need for trails. 
 
 From this we concluded that every research work done by different researchers proposed 
different way of approach for thermal comfort. In our research work we focused on 
thermal insulation property of textiles by producing hollowness inside the fabric by 
means of entrapping air, where entrapped air is the most significant factor in determining 
thermal insulation.  
 
 
 
 
 
 
 
 26 
 
3.1.4 Thermal insulation properties of textiles  
Thermal insulation properties are the most important features of textiles and are 
determined in terms of warmth or thermal insulation of textiles. [32-34]   Thermal 
insulation determines the elementary function of garments and is an important factor for 
estimating apparel comfort for the user. Literature reveals that most commonly and easily 
measured thermal insulation properties are static properties like thermal conductivity, 
thermal resistance, thermal diffusion and air permeability.  However, these static methods 
cannot explain the heat-related subjective sensations that determine human comfort, 
because this approach does not reflect the real wearing situation.  
Since the human body interacts dynamically with clothing. There are also dynamic-or 
transient state thermal conduct properties besides the steady-state thermal properties [35]. 
Thermal contact properties determine the feeling when the human skin touches an object 
for a brief period of time. The sudden mechanical contact of textile fabric with human 
skin causes a feeling of warmth or coolness due to the heat flow from the human body to 
the fabric that is at a lower temperature that the skin surface [36-38]. Which feeling is 
better depends on the customer; for hot summer garments a cooler (e.g. cotton) feeling is 
demanded. Whereas in cold regions, warmer clothing based on PET or wool for example, 
is preferred. This property is known as ‘warm-cool feeling” 
Hes [39, 40] introduced the term of ‘thermal absorption” as a measure of the ‘warm-cool 
feeling” of textiles. Thermal absorption determines the contact temperature of two 
bodies. Its advantage consists in the peculiarity that thermal absorption does not depend 
on the conditions of the experiment, and is directly related to other thermal properties of 
the fabrics like conductivity and diffusion.  
Following table outlines the research and development history of thermal insulating and 
thermo-regulating textile materials:- 
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Year       Researchers                                    Research  
1965 Mavelous and Desy Designed a heat-insulating garment containing 
molten lithium salts pouches. The salts 
exchanged heat with water in the pouches and 
the hot water was circulated to tubing 
throughout the garment. 
1971 Hansen Incorporated CO2 into liquid inside the hollow 
fibre .When the liquid solidified and the 
solubility of theCO2 decreased, the diameter of 
fibre increased and the heat-insulating ability 
rose. 
1981 Vigo and Frost Incorporation of hydrated inorganic salts into 
hollow fibres. 
 
1983 Vigo and Frost Incorporation of polyethylene glycol (PEG) 
and 
plastic crystal materials into hollow rayon or 
polypropylene fibre. 
 
1985 Vigo and Frost Coated PEG on the surface of fabrics. The 
thermal 
storage and release properties of the fabrics 
were 
reproducible after 150 heating and cooling 
cycles 
1987 Bruno and Viago The thermal storage and release, anti-static, 
water 
absorbence, reliancy, soil release and 
conditional 
wrinkle recovery of PEG-coated fabrics were 
studied.  
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1988 Bryant and 
Colvin 
 
A fibre with integral microcapsules filled with 
phase change materials (PCM) or plastic 
crystals 
had enhanced thermal properties at 
predetermined 
temperatures. 
1988 Vigo and Bruno  PEG was cross-linked on the surface of knit 
fabrics. 
1989 Vigo et al.  Coated PEG modified the resiliency and 
resistance to the oily soiling, static charge, 
pilling, wear life and hydrophilicity of fabric 
and fibres. 
1990 Watanabe et al. Melt spun heat-releasing and heat-absorbing 
composite fibre using aliphatic polyester as 
core or island component, fibre-forming 
polymer as sheath or sea component. 
1991 Zhang Designed the heat insulation clothing 
containing 
(Ca Cl2.6H2O) pouches 
1991 Mitsui Corp. Licensed Vigo’s invention and commercialized 
skiwear and sportswear that contain fabrics 
with Cross-linked polyols. 
 
1991 Neutratherm 
Corp. 
  
Licensed Vigo’s invention and commercialized 
fabrics incorporating PEG. The fabrics were 
used for thermal underwear. 
 
1992 Mitamura A composite fibre was melt spun by using 
polytetramethylene glycol (av. MW 3000) as a 
core, and poly(ethylene terephthalate) (PET) as 
a sheath. 
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1992 Bryant and 
Colvin 
 
Fabrics coated with a binder containing 
microcapsules filled with PCM or plastic 
crystals 
 
1993 Vigo The antibacterial properties of PEG-coated 
fabrics 
were studied 
1993 Umbile Fabrics were coated with a binder containing 
microcapsules filled with PEG (av. MW 300–
4000). 
 
1993 Momose et al A blend of linear chain hydrocarbon, particles 
of ZrC, thermoplastic elastomer and 
polyethylene is used as a coating materials for 
nylon fabrics. 
 
1993 Colvin and 
Bryant 
  
A cooling garment contained pouches 
containing 
Macro encapsulated PCM. 
 
1994 Renita et al The wicking effect, antibacterial and liquid 
barrier properties of non-woven coated with 
PEG were studied 
 
1994 Bruno and Vigo Formaldehyde-free cross-linking PEG-coated 
fabrics were studied. 
 
1994 Bruno and Vigo The dyeability of PEG-coated polyester/cotton 
fabric was investigated 
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1994 Tsujito et al Carpet coated with a binder containing 
 
Microcapsules filled with paraffin. 
 
1994 Imanari and 
Yanatori 
 
Heat insulation clothing which pouches 
containing paraffin and salts was designed. 
1995 Pause  The basic and dynamic thermal insulation of 
fabrics 
coated with or without microencapsulated PCM 
was studied. 
 
1996 Zhang et al  The heat storage and crystallizability of PET–
PEG block copolymers were studied. 
 
1996 Zhang et al.  Melt spun composite fibre using aliphatic 
polyester, 
PET–PEG, paraffin or PEG as core component, 
fibre-forming polymer as sheath component 
 
1996 Sayler  PCM with melting point 15–65 °C incorporated 
throughout the structure of polymer fibers 
 
1997 Zhang et al   Melt spun heat-storage and thermo-regulated 
composite fibre using PEG (av. MW 1000–20 
000) as core component, polypropylene as 
sheath component. 
 
1997 Outlast Inc. Properties of the fibers were studied. 
 
 
 31 
 
1997 Frisby Inc.  Coated fabrics and wet spinning polyacrylic 
fiber Containing microencapsulated PCM came 
onto the market. 
1997 Vigo Intelligent fibrous substrates with thermal and 
dimensional memories were studied. 
   
   Table 1: Development history of heat-storage and thermo-regulated textile and   clothing  
                                                Source: Ref.84. 
        
   In our research work we measured the thermal insulation properties in static state 
because it is simple to measure than dynamic state. The thermal comfort properties 
mentioned above have, so far, not been measured for knitted fabrics made of hollow 
yarns. It was the first attempt in this work to analyze thermal insulation properties 
mentioned briefly above. 
 To achieve thermal comfort in textile materials, attempts have been made to 
develop thermal insulating textile materials in the form of fibres, yarns and fabrics. 
Coatings and treatments with polymeric materials have also been undertaken for the 
same. The following section extensively reviews and deals, in detail, with the trends and 
approaches undertaken to develop thermal insulating textile materials. 
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3.2 Thermal insulating textile materials:-  
 
3.2.1 Fibres and their thermal insulating properties 
 
Thermal insulating fibres have been produced using three approaches  
1. Incorporation of ceramics in melt dope 
2. Production of hollow fibres 
3. Use of phase change materials (PCM) 
 
3.2.1.1 Fibers with incorporated Ceramics  
There are two ways of insulating heat using ceramics: 
1. By using a passive insulating material which encloses the body heat 
2. By use of an active material as an additive or coating that absorbs heat from outside. 
         In the first category, Ceramics like Zirconium, magnesium oxide or iron oxide are 
added in the molten polymer for producing heat generating polyester, polyamide, 
polyethylene, polypropylene and other functional fibres. Such fibres exploit the far infra-
red radiation effect of ceramics, which heat the substrate homogeneously by activating 
molecular motion. They are found to be suitable for extremely cold regions and are also 
used as sportswear and winter goods [41]. In the second category are those electrically 
heated materials where the electrical energy of a battery is transformed into heat energy 
by the heater, with this heat supplied by the heat from the oxidation of iron powder. In 
another system [42], the conductive particulate is selected from SnO2 , BaSO4, K titanate 
and TiO2, and the far-IR particulate from one or more of ZrO2 , Al2O3, TiO2, Kaolin and 
MgO for producing thermal storage and thermal insulating fibres. Descente researchers 
[43] used zirconium carbide to achieve ‘active insulation’, by enclosing micro particles of 
zirconium carbide in polyamide or polyester fibres. They did this by encapsulating 
zirconium carbide powder within the core of synthetic fibres. The clothes made of this 
fibre absorbed solar visible radiations efficiently and converted them into heat in the form 
of infra-red radiation which is released in the clothing. The released heat and the heat 
radiated from the body will not escape from the inside to the outside of clothing. 
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Mitsubishi Rayon Co.[44] reported the development of heat-storage and electrically 
conductive acrylic fibres and clothes for winter clothing and sportswear. These bi-
component fibres comprise a core—sheath structure, a core of (PAN/MA/Sod. Methallyl 
sulphonate) containing 15—70 vol% white electrical conductive ceramic particles and 
(Pacrylonitrile/vinyl acetate) as a sheath.  
Toyo Kogyo Co.[45] disclosed the production of insulative antistatic polyester fibres. A 
blend of PET and 20% pellets comprising 4:1 (wt. ratio) mixture of ceramic powder 
containing 70 parts Sb2O5 and 30 parts SnO2 (particle size < 1 µm) and one part adipic 
acid-butylene glycol polymer was melt-spun and drawn. 
 Kuraray [46] claimed the formation of PET fibres with heat-storing/heat insulating 
properties. Such fibres contain heat-storing agents obtained by impregnating porous 
materials with organic compounds having melting point 10—50 °C, heat of melting 20 
mJ/mg and crystallization temperature 10—45 °C. Thus, a composition containing PET 
and decanoic acid-impregnated SiO2 support was spun to give fibres with heat evolution 
of 40 mJ/mg. 
 Insulative fibres with improved heat retention properties have been made by Unitika 
[47]. Heat-ray-radiating fibers [48] with high warming and heat insulating properties 
have been produced. The fibres, useful for clothes, bed clothes, etc., contain n-type 
semiconductors showing volume resistivity 30—500cm. Thus, a non-woven fabric was 
manufactured from multifilament yarns comprising PET and 3% Al-doped electrical 
conductive ZnO powder. Thermally insulative undergarments from blends of metal 
containing spandex and cotton fibres have been produced. Shimizu [49] started the use of 
substances containing high amounts of H2O of crystallization, e.g. powdered borax, 
Al(OH)3 , Zn borate, Ca(OH)2 or powdered alum as fillers for producing self-
extinguishing far-IR radiating heat insulative fibres.  
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3.2.1. 2 Hollow fibres  
 Hollow fiber is one of the most popular membranes used in industries. It is 
because of several of its beneficial features that make it attractive for those industries 
[50].  
Its features are: 
• higher specific surface areas  
• lower density at the same diameter  
• thermal insulation properties due to trapped air  
• higher specific rigidity, so long as the hollow void does not collapse  
• A delustered (less shiny) appearance. 
 
 
 
                           
                                         Fig 1: Microscopic view of the hollow fibers  
                                                  Source: Ref. 85. 
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Name of the Fiber Thermal conductivity 
Of fiber(mW/mK) 
Cotton 71 
Wool 54 
Silk 50 
PVC 160 
Cellulose Acetate 230 
Nylon 250 
Polyester 140 
Polyethylene 340 
Polypropylene 120 
Air (still) 25 
 
Table 2: Thermal conductivity of pads of fibres with a packing density of 0.5 m/cc 
                                                     Source: Ref. 86. 
From above table, it is clear that textile fibres are good conductors of heat and hence bad 
insulators. The good insulator seems to be “still air”. Hence, there should be some means 
to trap the air into textile materials to make them provide good thermal insulation. 
Hollow fibres are a natural choice to achieve this because of the hollowness in them 
which entraps the air effectively. 
Lightweight hollow fibres have been produced by Unitika [51]. A composition containing 
98 parts nylon 6 and two parts sodium stearate treated-α-Al2O3 particles (AKP-30) was 
melt-spun to form fibres with a degree of hollowness 30%, drawn and made into woven 
fabric exhibiting heat transmission 1.6×10
-4 
W/cm°C. These fibres have been used for 
thermally insulating fabrics for winter clothing. 
     A composition containing 96 parts nylon 6 and four parts zirconium carbide as the (A) 
section-forming component, nylon 6 only as the (B) portion-forming component were 
melt-spun together at 275 °C to give hollow non-circular fibres with heat retention 
temperature by a specified test as 26.1 °C [52]. Toray Industries [53] produced hollow 
insulative lightweight polyester fibres with triangular hollow portion having a specified 
dimension. Polyester was melt-spun through a spinneret with each hole comprising three 
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arc-shaped slits, cooled by blowing air onto the fibres, lubricated, and drawn to give 
fibres with a degree of hollowness 20.2% and lustre 98.5%. 
 Heat-insulative hollow PET fibres with pores extending from the surface of the fibres to 
the hollow portion of the fibres and with the hollow portion containing slowly releasable 
hygroscopic polymer gels have been disclosed by Teijin [54]. Such fibres are useful for 
undergarments and gloves.  
Production of hollow fibres from Poly(ethylene terephthalate), polypropylene fibres by 
melt spinning  and from acrylic fibres by wet or  dry spinning method or as bi-
components having sheath/core structure wherein the core is dissolved to get the hollow 
structure in the form of an internal linear continuous channel has been reported in the 
literature [55,56 and 57]  in the form of an internal linear continuous channel.  Production 
of hollow acrylic fibres by spinning a liquid containing acrylonitrile-methacrylic acid 
copolymer as a sheath and polyvinyl alcohol as a core has also been reported. The 
resultant hollow acrylic fibre was used to produce hollow carbon fibres for use in 
composites. 
3.2.1.3 Fibres containing Phase Change Materials (PCM)  
A Phase change material (PCM) is a substance with a high heat of fusion which, 
melting and solidifying at certain temperatures, is capable of storing or releasing large 
amounts of energy. 
 The insulation effect reached by the PCM is dependent on temperature and time. Water, 
for example, is a PCM at 0 °C, which crystallizes as it changes from a liquid to ice. A 
phase change also occurs when water is heated to a temperature of 100 °C, at which it 
becomes steam. Specific PCMs are microencapsulated to improve the thermal insulation 
of textile materials. [58]  
Wet-spun acrylic fibres in the swollen gelled state were treated with 50grams per litre of 
polyethylene glycol (PCM), dried and heat treated at 125 °C  to give fibres with increased 
latent heat retention up to 33%.[59] Hollow polypropylene fibres and viscose rayon filled 
with PCM like carbowax has shown to improve thermal insulation. 
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3.2.2 Thermal insulating yarns  
Unitika [60] disclosed the self-stretchable polyester yarns containing Group IV 
transition metal carbides. These yarns were manufactured by blending PET with Zr 
carbide. They were melt-spun at 3100 m/min and heat-treated at 425 °C to give self-
stretchable yarn (B). A conventionally spun PET fibres was drawn at 285 °C to give yarn 
(A). Yarns A and B were interlaced and subsequent twisting produced woven fabric 
which exhibited surface temperature 21.1 °C initially, 24.5 °C on exposure of fabric to a 
source of 100W for 10 min, and 23.2 °C on storing the fabric for 5 min after exposure to 
light for 10 min. 
3.2.3 Thermal insulating fabrics  
Traditional thermal insulating materials were fabrics made of fibres like cotton, 
hemp, wool, polyester, etc. They provide insulation by trapping heat in the dead-air 
spaces which was determined by the number of air pockets present in the fabric. The 
basic structures used in the production of thermal insulating fabrics they are woven and 
knitted form. In colder environments, layered fabric rather than a single fabric are used. 
The most important characteristics of fibre are water vapour and heat transport. 
Parameters such as density, porosity and thickness also have to be taken in to 
consideration while selecting fabric construction to be produced. In case of woven fabric, 
plain weave is widely used in various industrial fabrics and Twill weaves are employed 
for the purpose of ornamentation and to make the cloth heavier and have better draping 
quality, where as the fabric producing from knitted structures have high extensibility, 
better thermal insulation property and better comfort [59]. Today, different approaches 
have been made to produce thermally insulating fabrics. Some of them are as follows:-  
Fleece fabric 
An inlaid single jersey fabrics consisting of a ground structure of knitted single 
jersey, plus other non-knitted threads are incorporated in to the structure during the same 
knitting cycle. On the technical back of these plain jersey fabrics yarn floats along the 
courses and is inlay tucked at intervals in to the fabric ground structure. These yarns are 
called backing or fleecy yarns. A knitted fabric that is smooth on one side and has an 
uncut loop pile on the underside which is not quite as heavy as Fleece some times called 
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as French terry. Fleecy fabrics are mainly produced on single jersey circular knitting 
machines. 
 
                                                               Fig 2: Fleece fabric Structure 
                                                                       Source Ref: 82 
Three- thread fleecy    
  In this fabric structure the fleecy yarn is invisible on the technical face of the 
fabric even when using yarns with differing thicknesses. The structure is composed of 
fleecy yarn, binding yarn and face yarn; it is produced on special plain circular knitting 
machines with needle selection. One structure repeat is obtained on three successive 
knitting feeders, which are correspondingly coordinated with one another. The 3-thread 
fleece fabric has technical face with minimal stitch distortion. There are number of fleece 
and fleece-like fabrics on the market. Fleece fabrics provide warmth and being extremely 
lightweight [60]. 
 
                                                                 
                                                    Fig 3:  Three- thread fleecy structure 
                                                                      Source Ref: 82 
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Terry fabrics 
Knitted terry fabrics are jersey-knit materials which are knitted with two yarns 
feeding simultaneously in to the same knitting needles. When the fabric is knitted, one 
yarn appears on the face, the other on the back. One of the yarns is called a loop yarn, 
the other a ground yarn. The loop yarns are pulled out by special devices and become 
the loop pile of the knitted terry fabric. The ground yarns form the basic construction of 
the knitted fabric. Knitted terry fabrics are softer, more flexible, and usually more 
absorbent.       
 
                                                           Fig 4:  Terry fabrics structure  
                                                                Source Ref: 82 
 
Polartec
TM
 fleece 
  Polartec fleece fabric is a high-tech, high performance product. It is made from 
100% polyester; Polartec fleece fabrics were produced using different mechanical 
processes. These processes are cutting the terry pile loops, brushing the piles and sanding 
the ground of the fleece fabric. 
 Fleece clothing plays an essential role in providing insulation, particularly when 
used as part of a layering system. It is lighter in weight than wool, offers better insulation 
and remains warm when wet, does not absorb moisture, and dries very fast [61]. Warm-
cool feeling of fleecy knitted fabrics, which are widely used as an outdoor garment for 
sports and active wear.   
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                                               Fig 5:  Layering system assembly 
                                                                    Source Ref: 87 
 
Fabric layering systems  
The key to staying comfortable in any situation is using clothing fabric layers that 
can vary according to what you're doing outside or what the weather is like. The layering 
system is one of the most important pieces of outdoor equipment. While the prime 
purpose of clothing is to keep us warm and dry in wind and rain [62]. According to their 
end uses different layering systems were used. 
The modern weather protective layering system consists of 3 layers:  
- A Base layer of thin, synthetic wicking material that removes moisture from the skin,  
- A thicker fleece Mid-layer to trap air and provide insulation, and  
- A waterproof/breathable Outer shell to keep out wind and rain while allowing 
perspiration to pass through.  
Several thin layers of clothing offer better insulation and flexibility than one thick one 
because they trap air in between the layers as well as within the layers.  
The ideal layering system seeks to combine elements of insulation, wicking, rapid-drying, 
breath ability, durability, wind-resistance, and water-repellence in a lightweight 
combination which at the same time offers the necessary freedom of movement by the 
use of a few layers of garments.  
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3.2.3.1 Thermal insulation of fabrics using PCM 
The thermal insulation capabilities of cold protective clothing materials may be 
significantly improved by the application of microcapsules containing small amounts of 
PCM (phase change materials). The PCM have the ability to changing their state within a 
certain temperature range, storing energy during the phase change and then releasing it at 
crystallization temperature. Micro PCM may thus be used to increase the insulation 
capabilities against the cold, with a resulting material which will be significantly thinner, 
allowing much larger freedom of movement [63].  
Vigo and Frost [64] were the first to use the phase change materials for developing 
temperature-adaptable fabrics. They treated Polyester, cotton, nylon 66 and wool fabrics 
with an aqueous solution of  PCM  like polyethylene glycol, 2,2-dimethyl-1,3-
propanediol or 2-hydroxymethyl-2-methyl-1,3-propanediol. Such fabrics exhibited up to 
250% greater thermal storage and release properties than the untreated ones.  
The first ever ‘phase change clothing’ called NeutraThermal fabrics were developed by 
Vigo and Bruno [65]. They coated the fabrics with PEG 1000, a polyethylene glycol 
waxy solid. The PEG 1000 absorbs heat when it softens, and release heat when it 
solidifies. Durability of such topical treatments to laundering and leaching can be 
improved by insolubilizing low-molecular-weight polyethylene glycols on fabrics by 
their reaction with dimethylol dihydroxy ethylene urea by conventional pad-dry-cure 
method.  
The application of PCMs like heneicosane, eicosane, nonadecane, octadecane, and 
heptadecane for insulative fabrics has been reported by Gateway Technologies [66]. 
Schoeller TextilAG [67] Switzerland explored the application of micro-encapsulated 
phase change materials like waxes, which offer ‘interactive’ insulation for skiwear and 
snowboarding.  
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3.2.3.2 Thermal insulation by polymeric coatings 
Conduction, convection and radiation are means by which heat is transferred 
across a barrier from the hot side to the cooler side. In conduction, heat passes from a 
hotter to a colder region along the static material. Convection is the transfer of heat by a 
flow of gases or liquids of different temperatures. In radiation, thermal energy is 
transmitted as electromagnetic waves. PVC and PU in their foamed, expanded forms are 
widely used thermal insulators [68]. 
 
Materials              Thermal conductivity (mWm−1K−1 at 20 °C) 
 Aluminium   200000 
Glass   1000 
PVC tiles 700 
Water 600 
Brick 200 
Textile Fibres 200 
Carpet 50 
Clothing fabrics 40 
Air (Still) 25 
                     
                        Table 3: Shows Thermal conductivity of different substances                      
                                                        Source: Ref. 88 
Still air has one of the lowest thermal conductivity as shown in above table. Therefore, 
polymeric materials in the form of foam have more entrapped air and show improved 
thermal insulation. The type of polymer used in thermal insulators is the next major 
factor to be considered while designing a thermal insulator.  
The garments or clothing coated with polymers become damp in rain or snowfall or in 
sportswear. The moisture diffuses through the clothing and can reach the human skin. As 
the moisture evaporates, the wearer feels cold and uncomfortable. Also, the condensation 
of perspiration may take place in such garments. To avoid this, the fabrics should be 
breathable [69-72]. A breathable fabric is waterproof and breathable because of the 
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enormous difference between the size of a water droplet and a water vapour molecule 
[69].  
 
Thermally insulated breathable fabrics are manufactured by applying micro-porous 
coatings and films using different methods. Some of the important methods are briefly 
discussed below [69-70].  
 
• Mechanical fibrillation and membranes 
Biaxial stretching in certain polymers produces microscopic tears throughout the 
membrane, which imparts a suitable micro-porous structure. For example, PTFE 
membranes are used in the Gore-Tex (two-layer and three-layer laminates). These 
membranes are made by a novel drawing and annealing process. It is claimed that these 
PTFE membranes contain approximately nine billion pores per square inch, with a pore 
volume of up to 80% and a maximum pore size of 0.2 µm. 
 
• Solvent exchange 
In this process, A textile fabric is coated with a polymer (e.g.polyurethane) dissolved in a 
water miscible solvent (for example, dimethyl formamide). The fabric is then passed 
through a coagulation bath containing water, where water displaces the solvent to give a 
porous structure. 
 
• Phase separation 
In this process, a polymer like polyurethane is dissolved in a mixture of lower boiling 
solvent (methyl ethyl ketone) and high boiling non-solvent and then coated on the fabric. 
The lower boiling solvent evaporates preferentially as the fabric passes through the oven, 
thereby increasing the concentration of the non-solvent in the coating. When the 
concentration of the non-solvent reaches a critical level, the polyurethane precipitates out 
in a highly porous form and the remainder of the solvent and the non-solvent evaporate as 
the fabric passes through the oven. Such fabrics are useful for apparel for keeping the 
body warm in cold weather or for sporting.  
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• Solvent extraction 
Fine water soluble salts or compounds are dissolved into the polymer and subsequently 
extracted from the dried film or coating with water to get a micro-porous structure. 
 
• Electron bombardment  
In this process, the coated fabric is fed between two electrodes, generating high voltage 
electrons. These electrons can be focused into discreet beams which drill through the 
coating without damaging the fabric.  
 
• UV-EB curing 
This process is used to manufacture micro-porous films and coatings in-situ by cross-
linking suitable monomers with electron beam or UV light.  
 
• Crushed foam coating 
Mechanically foamed and thickened lattices are coated onto fabric and dried. Large 
surface pores are formed, which are compacted by calendering through a pressure nip 
which yields a micro-porous fabric. 
• Brushing and mechanical finish 
In this process, fabric is gently brushed through the surface to pull up fibers from the 
yarn, producing soft & downy feel to its surface. Brush-soft cylinder - a brush with 
special abrasive filament bristles produces a dense, very low pile for a soft suede, peach 
skin type effect and is suitable for less stable fabrics like knits to produce good thermal 
wear fabrics.  
Mechanical finishes involve Napping and sanding. Napping is the effect of engineered 
wires that can disturb fibers so they are brought to the fabric surface to yield a soft, fluffy 
appearance. This can result in less fabric weight loss and longer pile to the fabric. Napped 
fabrics have a large acceptance in infant sleepwear.   
Sanding is an abrasive finishing operation used to alter the surface of fabrics, primarily 
those made of manmade fibers. Sanding on a specially arranged drum machine gives a 
much softer and uniform finish. 
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3.2.3.3. Miscellaneous coatings 
Thermally insulated Polyester fabric was produced by coating it with aqueous 
acrylic emulsion (acrylic melamine resin) containing ultrafine Sb—Sn oxide 
particles[73]. Heat-insulating, moisture-permeable, and water-resistant nylon has been 
produced by coating it with polyurethane containing 2—4% of inorganic fine powder (Sb 
oxide-doped SnO2 ) and Zr carbide having photo absorption thermal conversion 
capability [74]. Insulating fabrics were prepared by immersing fabrics in emulsions 
containing IR ray-radiating ceramics and polymers and adding trivalent metal salts to the 
emulsion to cause bonding of the ceramic to the fabrics [75].  Some commercially 
available insulation materials are as follows 
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  S.no  
 
    Products  
  
 Manufacturer 
 
Characteristics  
 
      End use  
 
1 
 
Thermoloft® 
 
      Dupont 
A semi thick 
insulation that 
contains hollow 
polyester fibers that 
trap warm air 
 
Skiwear, outdoor 
Apparel  
 
3 
 
COOLMAX® 
 
      Dupont 
layered fabric made 
of polyester fiber 
Providing thermal 
insulation 
 
 
   Outerwear 
 
4 
 
Polartec® 
Fleeces Malden 
Mills    
Polyester fleece 
clothing offering 
better insulation 
 
   Outerwear 
 
 
5 
 
GORE-TEX®  
 
    Gore-tex 
Micro porous 
membrane bonded to 
polyester and nylon 
fabrics providing 
insulation properties 
 
 
    Outerwear 
 
6 
 
WINDSTOPPER® 
 
     Gore-tex 
Micro porous    
membrane of 
synthetic fleece with 
good insulating 
properties 
 
 
 
     Outwears 
 
7 
 
ACTIVENT®  
 
    Gore-tex      
the fabric is 
composite of  micro 
porous membrane and 
polymers 
sports wear and 
high energy 
active wear  
 
8 
 
Outlast® 
 
    Outlast 
 
Outlast temperature 
regulating fibers and 
fabrics  
ski boot, gloves, 
hats, pants, 
parkas, 
mountaineering 
wear, sleeping 
bags, socks, and 
thermal 
underwear 
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                              Table4: Some commercially available insulation materials 
                                                          Source: Ref. 88 
 
At present, these products are costly due to sophisticated technologies involved in 
manufacturing. Therefore, the method proposed in this study, if commercialized 
successfully, may prove to be a cost-effective alternative as it involves no sophisticated 
technologies. But comparing the proposed method with any other available method is 
beyond the scope of this study as the information is proprietary. 
 
 
 
 
3.3 Core spinning method: 
Core-spinning is a process by which fibers are twisted around an existing yarn, 
either filament or staple to produce a sheath-core structure (ref. to the figure13). 
Generally continuous filament yarn is used as core and the staple fibers used as sheath 
covering. The core-spun yarn is used to enhance functional properties of the fabrics such 
as strength, durability and stretch comfort.  
 
  Fig 6: The core-sheath structure of Core Spun Yarn 
In this method, Core Spun Yarn was obtained with nylon as core and cotton as 
sheath material. There are different types of spinning systems that can be used to produce 
core spun yarn and these methods are given below. 
 
 3.3.1 Methods for production of Core spun yarns 
Sheath 
Core 
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The production of Core-spun yarns done successfully by many spinning systems. 
Each system has its own features. Probable methods of core-spun yarn production are 
discussed below. 
1. Conventional core spinning attachment with ring spinning systems 
2. S.R.R.C Core wrap- spinning method 
3. A.R.S. Patterned spinning system 
4. Core-twin spinning system 
5. Composite electrostatic spinning system 
6. Rotor spinning system 
7. Friction spinning system and  
8. Air jet spinning system   
 
   
 
Table 5: shows the various possible method of producing core yarn 
S. No. SYSTEM EFFICIENCY 
OF COVER 
MACHINERY 
USED 
01 Ring Spinning Partial/complete Modified ring frame 
02 Ring Doubling Partial/ 
Irregular 
Complete 
Ordinary doubling 
 
03 Fancy doubling Complete Fancy doubler 
04 Air Vortex Complete Air-Vortex spinning M/C 
 
05 O.E Spinning Complete Modified Rotor spinning 
06 Friction spinning Complete DREF-2 or DREF-3 
Machine 
 
07 Thermal coring Partial Modified ring frame 
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Of all the methods mentioned above the Ring spinning is simple and easy to incorporate 
and furthermore economically feasible. Although the core positioning in the centre is 
difficult and major strip back problem may arise during subsequent process. To overcome 
this drawback a special attachment in the drafting system was used. 
 
The principle of producing core spun yarn has been depicted in the figure above where 
the core element comes right before the front roller nip of the Drafting zone and gets 
wrapped by the sheath element and yarn is produced. To control the proper feeding of the 
core element there is a tension device (pre tensioner) located above the drafting zone.       
3.3.1.1 Effect of Process variables on Ring Core-spun yarn properties 
The process variables that affect the core-spun yarn properties are:  
o Core sheath ratio 
o Pre tension applied to the core material. 
o spinning draft 
o Number of roving feed and 
o Twist  
     Core 
Spun Yarn 
Front 
Roller Nip 
Sheath      
Element 
   Core 
Element 
Tensioner 
Fig 7: The Principle of producing Core spun yarn in a 
Conventional Ring Frame 
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Core- sheath ratio 
It has been found that decreasing sheath content will increase the strength of the core-
spun yarn. Apart from this there is an improvement in the extension and the evenness 
properties. In the case of core-spun sewing threads, a 2: 1 ratio of core sheath gives poor 
core coverage, and may raise problem of stripping off the sheath during the sewing, 
whereas, with a 1:1 core sheath ratio the striping off problem reported to minimize [76]. 
Pre- tension to Core material 
The pre tension is needed to regulate the geometrical position of the filament. This input 
tension varies with the twist factor, size and the quality of the filaments used. 
Balasubramaniam [77] furnished a method for optim 
izing the tension of the core filament in the core spinning process. Colored filament was 
passed over a tension device of attachment and fed before the nip of the front roller of the 
ring frame. The pre tension was gradually raised until the colored filament was 
completely covered by the cotton fibres, and this value was taken as the optimum input 
tension. It was approximately 10% of the breaking load of the core yarn. An introduction 
of a compensatory tensioner can be reducing the tension variation [76]. An extension of 1 
% to the core filaments while feeding to the ring frame ensures no buckling or curling of 
sheath fibers. Core yarns are usually pre- tensioned to an extension of around 5-10% for 
flat continuous filament yarns, about 30% for textured yarns and up to 400% for an 
electrometric core. If insufficiently tensioned, the filament will either periodically appear 
at the yarn surface, grin through or become wrapped around the fiber ribbon as the ribbon 
being twisted [78]. 
Spinning draft 
Drafting refers to the mechanical process Spinning drafts can be varied to obtain the 
required yarn count based on the core the sheath ratio. 
Number of Roving feed 
The possible ways of feeding the core material at the front roller nip with respect to 
roving are: 
• Filament at the center of the roving 
• Filament at the sides of the roving 
• Filament on the top of the roving. 
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Two-rove feeding (Filament at the center of the roving) provides better core positioning 
and control during spinning influences the structure and properties of core-spun yarns 
[79]. 
Twist 
Adequate cohesion obtained in individual yarns at high twist rates and it minimizes the 
sheath slippage .In addition to this, the filament pre-twist in opposite direction to the ring 
twist reduce the sheath slippage [77]. The extension of the core-spun yarn tends to reduce 
at higher twist levels [76].From the definition of a core spun yarn, there is no mention of 
the precise method used to get the yarn either spinning or doubling. In the commercial 
manufacture of core spun yarns, some systems are preferred based on cost and end use 
factors. The Table above gives the possible systems by which core spun yarns can be 
produced.  
     
3.4 Rationale of the present work 
It can be understood from the above literature review that the developments of thermal 
insulating textile materials involved use of ceramics, PCMs, additives, polymeric 
coatings and entrapment of air in hollow fibres or in the foamed form of polymeric 
materials. Also, synthetic fibre based thermal insulating textile materials were the main 
focus with rare or no mention of natural fibre based thermal insulating textile materials. 
The ideal thermal insulator would be still air. Hence, a textile-based thermal insulator 
should be capable of entrapping maximum amount of air effectively. The possible means 
of achieving this is to use hollow fibres or polymeric coatings in foamed form as 
described in the literature review.  
To the best of author’s knowledge, nothing is available in the literature that describes 
cotton hollow yarn knitted fabrics with improved thermal insulation properties or the 
production of the same. In the present work, a method for producing cotton hollow yarn 
knitted fabrics is developed. Analysis and comparison of their thermal insulation 
properties with core yarn knitted fabrics is also discussed. The benefit of such fabrics can 
be realized from the fact that these fabrics provide improved thermal insulation combined 
with natural comfort properties of cotton. 
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3.5 Scope of research 
 
In a previous research [3]“Hollow” yarns have been produced by introducing PVA 
filaments in to the yarn forming zone of an experimental friction, spinning apparatus. A 
PVA multifilament was used as the core and cotton fibers as the sheath. The water soluble 
PVA in the centre was removed from the yarn structure in boiling water. The tensile 
properties of hollow yarns were compared with conventional cotton yarns. The second part 
of this study involved extracting the PVA at fabric (woven) stage rather than in yarn form. 
In both the studies, thermal comfort properties of hollow yarns were not studied. In the 
present work, cotton has been used as sheath and nylon filament as core and the yarns were 
produced using ring spinning rather than friction spinning. These yarns were used to 
produce knitted fabrics and after dissolving nylon, thermal comfort properties especially 
insulation properties were analyzed. Cotton and nylon as fibres to produce yarns and 
knitted structures as fabrics formed the scope of this study. This choice can be explained as 
follows:- 
 
3.6 Cotton Fibre 
Cotton is most widely used and studied natural fibre with vast knowledge base and 
technical know-how. Cotton is strong when it is wet and increases nearly 10% in strength 
.The elastic property of cotton helps to ensure that cotton garments and articles retain 
their shape to their original state. Usually cotton has a moisture content of about 8.5 %,  
"Absorbent" cotton will retain 24-27 times its own weight in water and is stronger when 
wet than dry. This fiber absorbs and releases perspiration quickly, thus allowing the 
fabric to "breathe"[80]. Cotton can stand high temperatures and takes dyes easily. This 
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good moisture absorbency makes cotton a comfortable fiber compared to the rest of the 
natural fibers. It has been, at one time or another blended and mixed with most other 
fibers. Cotton is widely blended with Polyester due to the durability and comfort of the 
blend which makes it suitable for Industrial applications. Furthermore Cotton is 
hydrophilic in nature so cotton was used as the sheath material for this research work. 
 
 
3.7 Nylon Fiber 
Nylon is a man-made synthetic fiber; it is also called as polyamide fiber. Nylon is 
a strong to very strong fiber. The apparel nylon is very strong. When wet, nylon may lose 
up to 15 per cent in strength, but this is usually immaterial as the fiber is so strong in the 
first instance. Nylon is a stronger fiber compare to polyester fiber. The elasticity of nylon 
is very good. Due to its elasticity nylon has a good wrinkle-recovery. Nylon is the most 
absorbent synthetic fiber, when dry it contains 4 per cent of moisture absorbing up to 7 
per cent before feeling wet. Nylon based fibers have high thermal conductivity, Thus the 
selection of the fiber for making the thermally protect clothing should be decided on the 
basis of the environment to which a worker is exposed, namely whether the heat will be 
transmitted to the person by conduction, convection, or radiation [80]. One of the 
requirements to produce hollow yarns is to have the core yarn with high tenacity. 
Therefore nylon was chosen as an alternative for PVA in order to exploit the tensile 
properties of nylon for spinning. Also Nylon easily and completely dissolves in formic 
acid which makes it suitable as core component. 
 
3.8 Knitted fabric 
For the applications where textiles are directly interacting with the human body, 
thermal comfort has  a fundamental need. Knitted garments are mainly worn next to the 
skin and therefore deserve particular attention. The warmth or thermal insulation of a 
fabric is largely a function of the airspace and its distribution in the structure and does not 
depend entirely on the thermal conductivity of the fibers used [81]. Hence the distribution 
of airspace is likely to be more in knitted structures than in woven fabrics due to the more 
openness in knitted structures.  Knitted fabrics perform two functions, namely provide 
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unrestricted freedom of movement and transition of body vapour quickly to the 
atmosphere by means of evaporation. Due to relative elastic nature, a knitted fabric gives 
form-fitting properties to knitted garments. By tradition, knitted fabrics and their 
garments appear warm, soft, bulky and slightly hairy or furry in texture. Knitted fabrics 
can be easily stretched and distorted and are more absorbent. Therefore, the study will 
concentrate on producing knitted structures rather than woven fabrics.  
 
 
 
Single jersey 
 
 
                                
 
                                           Fig  8:    Single jersey knit Structure                   
                                                     Source Ref: 82 
 
Single jersey fabric is the most common weft knitted fabric and is widely 
produced. Single jersey fabric are cost effective with a potential of more feeders, higher 
running speeds and the possibility of knitting a wider range of yarn counts compared to 
rib and interlock structure. Single jersey fabric, are relatively thick compared to the 
diameter of their constituent yarns, and are composed largely of air space. Because of 
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this, knitted fabrics have good heat insulating properties. This openness leads them to 
being comparatively good in air and water permeable [82]. This structure had been 
selected for our research work because of the above mentioned properties. 
 
 
 
 
 
Rib  
        
 
                              
                                                            Fig 9: Rib knit structure 
                                                               Source Ref: 82 
 
The simplest Double jersey fabric is 1 * 1 rib. 1 *1 rib is produced by two sets of 
needles being alternately set or gated between each other. Relaxed 1 * 1 rib is 
theoretically twice the thickness and half the width of an equivalent single jersey  fabric, 
but it has twice as much width-wise recoverable stretch. Rib structures are elastic, form- 
fitting and retain warmth better than single jersey structure, the effect of rib design and 
other fabric properties such as fabric density and air permeability on thermal behaviour is 
better in the case of rib fabric compared to single jersey fabric. Heat loss is low in rib 
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structure because of increase in the amount of air entrapped between the face and the 
back loop. [82].So we decide to produce 1 * 1 rib structure for our research work. 
 
 
 
 
 
 
 
 
Interlock  
                    
                        Fig 10: Interlock knit structure 
                                                             Source Ref: 82 
 
 
The interlock structure is a variant of the rib form in which two threads are alternately 
knitted by the opposite needles so that interlocking occurs. Interlock is balanced smooth 
stable structure, which lies flat without curl like 1 * 1 rib structure. It will not unrove from 
the end knitted first but it is thicker and heavier than rib. Interlock structure is tighter and 
stable in construction compared to single jersey and rib structure hence the interlock 
structure has good thermal insulation property [82]. This structure had been selected for 
our research work because of the above advantageous properties. 
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4.0 Experimental Methodology and Methods  
  
4.1 Raw Material selection 
 Based on the information available from the literature survey, cotton staple fibers 
and nylon multifilament yarn, were used for this study. Cotton being the most widely 
used fibre with established technical know-how was the obvious choice as a sheath 
component. Nylon was chosen as a core component due to its ease of complete solubility 
in formic acid with minimal effect on cotton and its tensile properties desirable for 
spinning and knitting efficiency.  
 
4.2 Determination of Yarn count 
100% cotton fibers with  roving 1.1 English cotton count was spun using 36.36 draft 
and Nylon multifilament yarns of two different deniers 77D and 140D were selected for 
the production of two core yarns with different resultant count of 1/26 ECC and 1/20 
ECC respectively. 
Since we used the estimated yarn count, conversion is carried out according to yarn 
conversion table.  In this research work both cotton and nylon are utilised so both the 
ECC and denier counts were used. 
 
Calculations: 
The calculations for resultant deniers and core and sheath ratios are given below: 
 
Sample-1 core yarn  
Sheath component (100% cotton fibres count)              = 40
S
 estimated
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Core component (Nylon multifilament yarn)           = 77 denier  
As, 40
S
 English count                                                     ≈135 denier  
 Estimated Resultant core spun yarn denier {(135+77) = 212 denier} = 1/26 Ne 
 
 
 
    
                                            77 x 100 
Therefore core %                             = 36.32% 
                    212 
and sheath %                 = 63.68% 
 
Sample-2 core yarn  
Sheath component (100% cotton fibres count)               = 40
S
 estimated 
Core component (Nylon multifilament yarn)            = 140 denier  
As, 40
S
 English count                                                      ≈ 135 denier  
Estimated Resultant core spun yarn denier {(140+135)  = 275 D} = 1/20 Ne 
              140 x 100 
Therefore core %                                 = 50.90% 
        275 
and sheath %                   = 49.10% 
 
 
The Resultant core spun yarn counts that were achieved with 77 denier nylon and 140 
denier nylon were measured as 1/23 Ne and 1/19.43 Ne respectively. The count we used 
in this research work is the actual core spun yarn count 1/23 Ne and 1/20 Ne not the 
calculated count. 
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        Yarn production 
Cy1 Cy2 
Knitted fabric production 
  Single jersey        Rib        Interlock 
Scy1 Scy2   Rcy1 Rcy2 Icy1 
Bleaching:  produced knitted fabric is 
bleached using hydrogen peroxide 
Bscy1 Bscy2   Brcy1 Brcy2 Bicy1 
    Single jersey            Rib       Interlock  
     Yarn testing 
             Raw materials 
                Process flow chart  
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Chemical treatment: Produced knitted fabric is treated 
with 85% of Formic Acid for 5 Mins at room temperature 
 
Hollow knitted fabric 
       Single jersey 
Hollow knitted fabric 
 Rib  
Hollow knitted fabric 
           Interlock  
Hsc1 Hsc2 Hrc1 Hrc2 Hic1 
Testing different hollow knitted fabric 
properties for Thermal     comfort 
 
     Single jersey       Rib  
Gsc1 Gsc2 
Grc1 Grc2 
       Apparel production 
Fig 11:  Process flow Chart of producing the Hollow knitted Garment 
       Garment 
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Where  
      Cy1 – core yarn (1/23 ECC) 
Cy2 – core yarn (1/20 ECC) 
 
Scy1 – single jersey knitted core fabric (1/23 ECC)  
Scy2 - single jersey knitted core fabric (1/20 ECC) 
Rcy1 – rib knitted core fabric (1/23 ECC) 
Rcy2 – rib knitted core fabric (1/20 ECC) 
Icy1 – interlock knitted core fabric (1/23 ECC) 
 
Bscy1 – bleached single jersey knitted core fabric (1/23 ECC) 
Bscy2 – bleached single jersey knitted core fabric (1/20 ECC) 
Brcy1 - bleached rib knitted core fabric (1/23 ECC) 
Brcy2 - bleached rib knitted core fabric (1/20 ECC) 
Bicy1 - bleached interlock knitted core fabric (1/23 ECC) 
 
Hsc1 - hollow knitted single jersey fabric (1/23 ECC) 
Hsc2 - hollow knitted single jersey fabric (1/20 ECC) 
Hrc1 - hollow knitted rib fabric (1/23 ECC) 
Hrc2 - hollow knitted rib fabric (1/20 ECC) 
Hic1 - hollow knitted interlock fabric (1/23 ECC) 
 
Gsc1 - hollow knitted single jersey fabric (1/23 ECC) 
Gsc2 - hollow knitted single jersey fabric (1/20 ECC) 
 
Grc1 - hollow knitted rib fabric (1/23 ECC) 
Grc2 - hollow knitted rib fabric (1/20 ECC) 
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4.2.1 Core spun yarn production method: 
 
In Core spun yarn production the conventional Ring Spinning Process is carried out 
from the blow room Up till the Final machine Speed Frame. (Ref. Figure -12). In the ring 
spinning machine the drafting zone is modified with the help of a special attachment 
(Ref. Figure-13). 
 
The selected raw cotton is fed into the blow room in bale form resulting small tufts. 
The main purpose of blow room is to open and clean the cotton and feed it into the 
Carding machine. Here fiber individualization takes place that is point to point separation 
of fibers. The production of carding machine is sliver which is introduced to the Draw 
frame(1st passage) then into Sliver lap machine and then Ribbon lap machine where the 
Lap is produced by doubling and Drafting. The Lap is the feeding material for the 
comber. In the combing process the short fibers are removed and long fibers are laid in 
parallel, then sliver produced from comber goes through further doubling and drafting in 
to the second draw frame process. The subsequent process is called speed frame. In the 
speed frame the sliver is drafted and given a slight twist to obtain roving. Roving is the 
feed material for ring frame.  
In the next stage Roving and Nylon is fed to the drafting zone separately (Ref figure-
13) to produce the Core yarn.  
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                                  Spinning Process Overview 
 
Raw material 
cotton 
 
          Blow room  
 
          Carding 
 
Drawing   
 
Ribbon lap machine 
 
Comber 
 
Post comber drawing 
 
 Roving 
 
Nylon multi 
filament yarn 
 
Core yarn production by 
modified ring frame 
 
                Core yarn 
 65 
 
                                       Fig 12: Core yarn spinning production process overview 
4.2.2 Modification of Ring frame 
Since the core component of the core yarns must be restricted at the axis of the yarn, 
pretension of the filament is necessary. Disc plates can be used for pre-tensioning. Disc 
and spring method of pretension can be used. The only major modification needed on the 
ring frame is to have the pre-tensioning device at a suitable position. Either the pre-
tensioning disc can be positioned on the top arm of the drafting system or any other 
convenient position. A guide will also be needed to guide the core-component to the front 
rollers of the drafting system. 
Of late, there has been a move towards positive feeding of the core-component and 
this will involve extra drive arrangements, but the claimed advantages of positive feed of 
the core-component are not yet universally accepted, since even if the core be slightly 
rubbed by the guides, there will not be a serious defect for most end uses of the yarns. A 
ring frame should be set and cleaned well in readiness of the spinning as it were to spin 
cotton counts of the resultant count of the core spun yarn. Traveler size, Spindle speeds, 
drafts and other important parameters should be selected using the resultant count of the 
core-spun yarn. With the pre-tensioning device in place, tensions should be selected just 
to restrict the core-component to the axis of the yarn. Excessive tension will cause 
slightly more breakage. 
 Core spinning attachment in Ring frame 
 A diagrammatic presentation of a core spinning attachment used in ring spinning 
is shown in Fig.13. The attachment consists of metal plate (Bracket) bent to a shape. One 
end of the device is fitted on the roving traverse guide bar such that the relative position 
of the roving and the core filament may be kept constant all the time. There is a provision 
to vary the position of the device if required. The other end of the plate is fitted with a 
porcelain guide that feed the core filament at a precise position behind the front drafting 
rollers. This devise is fitted with a pre-tensioner and is kept in a horizontal plane. Varying 
the number of tension discs may vary the input tension of the core filament. The package 
containing core filament material is suspended from a bar such that they could rotate 
easily, thus avoiding any tendency to stretch the filament before it is fed to the tensioning 
device. 
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                                                             Fig 13: Core spinning attachment 
 
 
Core yarn spinning technical details: 
 
Sample one-(1/23 ECC) 
Cotton roving                          : 1.1 roving English cotton count  
Draft                                        : 36 
Nylon denier                            : 77D 
Nominal resultant count           : 1/26 ECC 
Twist per inch (TPI)                 : 25.60 
Twist multiple                          : 3.9 
Type of M/c                              : Ring frame 
Machine make                          : G5/1 
Spindle speed                            : 17,000 Rpm 
Number of spindle                    : 1008 
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Sample two-(1/20 ECC) 
Cotton roving                       : 1.1 roving English cotton count  
Draft                                     : 36 
Nylon denier                         : 140D 
Nominal resultant count       : 1/20 ECC 
Twist per inch (TPI)             : 16.95 
Twist multiple                      : 3.85 
Type of M/c                          : Ring frame 
Machine make                      : Jetts Tex 
Spindle speed                       : 10,000 Rpm 
Number of spindle               : 504 
 
4.3 Knitted Fabric Production 
Knitted fabrics were produced using the two core spun yarns specified above. Three 
knitted fabrics with different knit structures viz., rib, single jersey and interlock were 
produced using sample one core spun yarn(1/26 ECC). Two knitted fabrics with different 
knit structures viz., rib and single jersey were produced using sample two core spun 
yarn(1/20 ECC). The circular knitting machines used along with the technical 
specifications which are as follows:-  
 
Circular knitting m/c 
Machine specifications: 
Machine type           : single jersey 
Machine make          : pai lung 
M/c diameter            : 20” dia 
M/c gauge                 : 24 
M/c speed                  : 26 Rpm 
Number of feeder      : 60 
Yarn tension              : 6 grams 
Structure of fabric      : single jersey 
Yarn count                 : (1/20 ECC) 
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  Machine specifications: 
Machine type           : rib 
Machine make          : pai lung 
M/c diameter            : 20” dia 
M/c gauge                 : 18 
M/c speed                  : 20 Rpm 
Number of feeder      : 4 
Yarn tension              : 6 grams 
Structure of fabric      : rib 
Yarn count                 : (1/20 ECC) 
 
  Machine specifications: 
Machine type           : interlock 
Machine make          : Mayer & cie 
M/c diameter            : 20” dia 
M/c gauge                 : 18 
M/c speed                  : 20 Rpm 
Number of feeder      : 44 
Yarn tension              : 5- 6 grams 
Structure of fabric      : interlock 
Yarn count                 : (1/23 ECC) 
 
4.4 Greige Fabric Chemical treatment (bleaching) 
All chemical treatments like bleaching and core dissolution in formic acid were 
carried out using Tsujii sample beaker dyeing machine Model: ND-306-2EP as well as 
Devrekha single tube sample jet dyeing machine for large fabric samples. The Greige 
knitted fabrics were bleached using hydrogen peroxide.  
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Chemical treatment 
For bleaching of knitted fabrics, 4% (v/v) hydrogen peroxide was used. Greige fabrics 
were first pre-wetted with water and then saturated with hydrogen peroxide solution 
along with 1% (v/v) organic stabilizer and 1% (v/v) sodium hydroxide to maintain pH 
within 10.5 to 11. Bleaching was carried out by exhaustion method for 1 hour at (90-95)
0
. 
Then the fabrics were washed several times to remove the decomposed products from the 
reaction and air dried. 
Removal of Core Component  
In order to get hollow knitted fabrics, bleached fabrics were treated with 85 % formic 
acid (to dissolve Nylon) for about 5 minutes at room temperature. After the treatment, the 
fabrics were washed thoroughly with water, neutralized with dilute sodium hydroxide, 
soaped water washed and dried to get hollow knitted fabrics. The changes in weight 
before and after treatment with formic acid were measured. 
Nylon Core Spun Yarn Fabric Sample 1(Single Jersey)(1/23 ECC)  
 
Weight of the fabric before treatment  =  2.97gms 
Weight of the formic acid treated fabric  =  2.031 gms 
Weight loss     = 31.61 % 
 
Nylon Core Spun Yarn Fabric sample 2 (Rib) (1/23 ECC)  
 
Weight of the fabric before treatment  =  3.085 gms 
Weight of the formic acid treated fabric  =  2.1079 gms 
Weight loss     = 31.67 % 
 
Nylon Core Spun Yarn Fabric sample 3 (Interlock) (1/23 ECC)   
 
Weight of the fabric before treatment  =  4.18 gms 
Weight of the formic acid treated fabric  =  3.06 gms 
Weight loss     = 26.79 % 
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Nylon Core Spun Yarn Fabric sample 4 (single jersey ) (1/20 ECC) 
 
Weight of the fabric before treatment  = 2.59 gms 
Weight of the formic acid treated fabric  = 1.38 gms 
Weight loss     = 46.71 % 
 
Nylon Core Spun Yarn Fabric sample 5 (Rib ) (1/20 ECC) 
 
Weight of the fabric before treatment  = 2.65 gms 
Weight of the formic acid treated fabric  = 1.48 gms 
Weight loss     = 44.15 % 
Note: Standard procedure was used to determine the percentage of nylon. 
T
he loss of weight after chemical treatment proves that the core component was removed. 
The resultant knitted fabrics are having hollowness in the core (Ref to Fig- 59 &60). 
Then the fabrics were tested for their thermoregulatory properties. 
 
Fig 14: Schematic cross-sectional view of the Core and the Hollow yarn 
 71 
 
4.5 Testing Methods  
 
Yarn testing: 
Yarns were tested for their strength, elongation, evenness, imperfections and yarn 
diameter and utility properties using different testing methods are as follows: 
 
Method:  
Core yarns were tested using (ASTM D 1425:1996) USTER yarn testers. Different 
tests were carried out using this machine which is as follows: 
• Single thread strength and elongation tester 
• Evenness and imperfections tester 
 
I. Single yarn strength and elongation 
The single yarn thread strength and elongation was carried out on Uster Tensorapid. It 
is easily programmable and the experiments are done automatically. The digital tensile 
testing installation determines the breaking force and breaking elongation of the yarns 
according to the principle of constant rate of elongation. The tester lays the yarn 
automatically into the clamps and exerts a load until the yarn breaks. For each yarn 
sample, 10 tests were carried out to get a good average. The testing conditions were 
standardized. 
 
II. Evenness and imperfections 
The evenness and imperfections were tested in USTER Tester UT3 model electronic 
instrument. The capacitance principle was used to find the above said properties. The 
yarn testing speed was 400 meters / min. 
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Fabric testing: 
Fabric were tested for their comfort and utility properties using different testing 
methods are as follows 
 
Thermo-regulatory or Thermal comfort properties  
The thermal comfort properties of core yarn and hollow yarn knitted fabrics were 
tested on ALAMBETA instrument using instruction manuals of the Alambeta instrument 
SENSORA Liberec Registered Company, Czech Republic, 1990. 
Method: 
The Alambeta instruments were used to measure the thermal comfort properties 
and air permeability (Ref: page 76) respectively, of knitted fabrics produced in this study. 
This computer controlled semi-automatic instrument called ALAMBETA calculates all 
the statistic parameters of the measurement and exhibits the instrument auto-diagnostics, 
which avoids faulty instrument operation. This instrument, besides the classical 
stationary fabric thermal properties like thermal resistance R and thermal conductivity λ 
measures also the transient thermal characteristics, such as thermal diffusivity a and 
thermal absorptivity b. 
 
Thermal Absorptiveness 
Thermal absorption is a surface property and is expressed in terms of thermal 
absorptiveness. Thermal absorptiveness b, is a measure of the heat flow q (W/m2) which 
passes between the human skin and the contacting textile fabric. Thermal absorptiveness, 
simply tells us whether a user feels “warm” or “cool” at the first brief contact of the 
fabric with human skin. The thermal absorptiveness is therefore, a measure of “warm-
cool feeling” of textiles. This parameter allows assessment of fabrics character with 
respect to “warm-cool feeling”. Fabrics with a low value of thermal absorptiveness give 
us a “warm” feeling.  
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Thermal Conductivity  
The measurement result of thermal conductivity is based on the following equation:-  
λ = Q/ F.t (∆T/σ) Wm
-1
K
-1
                                                   
Where 
Q - amount of conducted heat, 
F - area through which the heat is conducted, 
t - time of heat conducting, 
∆T - drop of temperature, 
σ - fabric thickness. 
 
Thermal diffusion 
Thermal diffusion is defined by the relationship 
α= λ /ρc m
2
s
-1
 
where: 
ρ - fabric density, 
c - specific heat of fabric, 
λ - heat conductivity 
 
Thermal Resistance(R) 10
-3
K.m
2
.W
-1
 
Thermal resistance is the ability of a fabric structure to resist the heat flow through it and    
is connected with fabric thickness by the relationship  
R = σ /λ  m
2 
K W
-1
 
      Where 
σ  - fabric thickness,  
λ  - thermal conductivity. 
 
 
 
 
 
 74 
 
 
 
Fabric Thickness 
Method: 
The Alambeta instruments were used to measure the thickness of the fabric. 
Determination of the thickness of a textile fabric consists of the precise measurement of 
the distance between two plane parallel plates when they are separated by the cloth, a 
known arbitrary pressure between the plates being applied and maintained. It is 
convenient to regard one of the plates as the presser tool and the other as the anvil. No 
special specimen preparation is necessary except that the edges and creased areas should 
be avoided. In our study 10 readings are taken and the mean value is obtained for all 
samples. 
 
Air Permeability  
Method: 
Air Permeability is measured using PERMETEST.  The instrument was 
commercialized by the Czech SENSORA Company (Ref: page 76). Thermal properties 
are essentially influenced by air permeability. This test method covers the measurement 
of the air permeability: the rate of air flow passing perpendicularly through a known area 
under a prescribed air pressure differential between the two surfaces of a material of 
textile fabrics. In our study the test were carried out under standard laboratory conditions 
(at 20±2 degree Celsius and relative humidity of 65%). Results of measurement are 
expressed in units defined in the IS0 Standard 11092.  
Air permeability is defined by the equation: 
A = V/ F t (∆p) dm
3
m
-2
s
-1
 
Where 
V - capacity of the flowing medium, 
F - the area through which the medium 
is flowing, 
t- time of flow, 
∆p - drop in pressure of the medium. 
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Wettability test: 
Method: 
Wettability is measured using in plane wicking tester (Ref: page 76).  Horizontal 
wicking of water through fabric is measured by measuring the weight of water through it 
with time. In this study we take 10 specimens of 16 cm X 16 cm size. Fabric sample is 
placed on a glass plate. A glass siphon tube is connected with the plate. Water reaches to 
the plate through the glass tube due to siphonic action, from a beaker, placed on a 
measuring balance. As well as water wicked through the fabric, the change in the weight 
of water is measured by the balance and the balanced is interfaced with a computer, so 
the data of amount of water wicked by the sample with time will be get from computer. 
Plot graph from the data and calculate slope, to find out wicking rate. 
 
Dimension stability test: 
Method: 
The ASTM standards (Ref: page 76) were followed for preparing and marking 
samples [96]. Sample size of 100mm X 100mm was taken. The samples were marked 
with 3 sets of marks in each direction, a minimum of 25mm, apart and at a distance of 25 
mm from the edge. The samples are preconditioned at a temperature not greater than 
5O
0
C with a relative humidity between 10% and 25% prior to the test. All samples are 
then conditioned in the standard atmosphere. After measurement, the samples are 
subjected to the required treatment and the procedure for conditioning and measuring 
repeated to obtain the final dimensions. 
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Bursting Strength test: 
 
Method: 
Bursting Strength is measured using universal strength tester by Ball bursting 
strength (Ref: page 76). This test is carried out using an attachment on a standard tensile 
testing machine (Testometric Micro 350). It is simple when carrying out this test to use 
an attachment which operates in the compression mode, 10 test specimen of 50 x 50 mm 
in size were taken, in the test a 25mm diameter steel ball is pushed through the stretched 
fabric and the force required to burst is recorded from the test sample. 
 
Spirality test:  
Method: 
Different knitted fabric samples used in this study have been prepared as 10×10 
cm squares. The spirality of the fabrics is measured manually (Ref: page 76). Samples 
with significant spirality angles are measured and calculated.  
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4.6 Testing Standards  
 
Standard test methods were used for the following physical and mechanical properties of    
knitted fabrics:- 
• The thermal comfort properties of core yarn and hollow yarn knitted fabrics were      
tested on ALAMBETA instrument using instruction manuals of the Alambeta 
instrument. SENSORA Liberec Registered Company, Czech Republic, 1990. 
• Dimension stability – before and after treatment (Test Method ASTM D6207-03) 
• Fabric thickness was tested on Alambeta instrument  
• Bursting strength (ASTM test method D6614-00) 
• Wettability of fabrics were tested on UMIST Wettability tester developed by 
Manchester   University using AATCC Test Method 39-1977 
• Spirality -Angle of spirality was assessed by the pillow case method according to 
AATCC Test Method – 179-2001  
• Air Permeability was determined by ASTM Test Method-737-96 2004 on 
permetest instrument. 
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5.0 Results and discussion   
 
5.1 Core yarn testing results 
      The physical and mechanical properties of core yarns produced are tabulated below:- 
Core Yarn Test Results 
 
 
Table6: comparison of mechanical properties and imperfection results from Uster tester between 
1/23 ECC and 1/20 ECC 
          1/23 ECC          1/20 ECC 
Mean Tenacity (cN/tex) 
Mean C V % 
15.09 
                 4.89 
16.37 
               2.98 
Mean Elongation % 
Mean C V % 
18.82 
                7.15 
47.94 
               4.78 
Evenness CV %                  9.50              10.40 
Imperfection/Km   
Thin 
 
Thick 
 
Neps 
 
Total imperfection 
               14 
 
             209 
 
             131 
   
             354 
             44  
 
            157 
 
            319 
                
            520 
 
Hairiness 
               
             8.8 
                   
            9.10 
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Fig 15: core yarn testing results between 1/26 ECC and 1/20 ECC 
 
The data shown in the Table-6 indicates that the yarn tenacity of Core yarn is 
higher in case of 1/20 Ecc compared to 1/23 Ecc, this is because of different denier nylon 
filament used for both the yarns. It can also be explained that the resultant count is 
different in both the core yarns and that the thickness of the cotton covering also varies. 
  In (1/20 Ecc) yarn showed 60% higher elongation compared to 1/23 Ecc. This is due to 
the finer denier nylon used in 1/23 Ecc. 
 
Evenness 
It can be seen from the figure 15, that the yarn with finer denier core yarn showed 
slightly better evenness compared to coarser diameter core yarn. This is due to better 
covering by sheath material due to finer denier of nylon yarn used in core component. 
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Imperfections  
The total imperfection values for 1/20 ECC core yarn are higher compared to 1/23 
Ecc core spun yarn. This is due to lack of agreement between mass and diameter. Many 
varieties of cottons contain a substantial level of non lint matter which may be expected 
to influence the incidence of yarn imperfection [96]. 
Thick places seem to be very high in both types of core yarns, and a major 
contributor to thick places was the agglomeration formed by a fiber cluster.  
Yarns with a larger incidence of imperfections generally contain greater number 
of neps. In this study also the proportion of neps seems to be very high. 
 
Yarn Hairiness 
In this study the nylon filament occupies the core and the outer layers are cotton 
fibers. The yarn hairiness definitely depends on the fibers on the outer layer of the core 
yarn. The 77D finer filament core yarn gives slightly higher level of hairiness than 140D 
filament core yarn. This is due to the fact that increased number of marginal fibers is 
necessary to achieve given count. Therefore, they tend to produce slightly hairier yarns 
than 140D core filament. 
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5.2 Fabric Testing Results 
 
5.2.1 Thermal Absorptiveness of Tested Fabrics (W.m
-2
.S
½
.
 
k
-1
) 
Thermal absorptiveness, simply tells us whether a user feels “warm” or “cool” at 
the first brief contact of the fabric with human skin. The thermal absorptiveness is 
therefore, a measure of “warm-cool feeling” of textiles. This parameter allows 
assessment of fabrics character with respect to “warm-cool feeling”. Fabrics with a low 
value of thermal absorptiveness give us a “warm” feeling.  
  
 
(1/20 ECC) 
            Fabric  Core Knitted Hollow Knitted 
Single Jersey Structure 
Rib Structure 
131.50 
142.50 
39.23 
38.40 
 
Table7: Shows Thermal absorptiveness results between core and hollow knitted fabrics (1/20 Ecc)  
 
 
(1/23 ECC) 
 Core Knitted Hollow Knitted 
Single Jersey Structure 
Rib Structure 
Interlock structure 
139.0 
148.0 
187.0 
37.8 
70.6 
61.75 
 
 Table8: Shows Thermal absorptiveness results between core and hollow knitted fabrics (1/23 Ecc) 
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              Fig 16: Thermal absorptiveness comparison between core and hollow knitted fabric 
 
 
 From the table (7&8) it has been noted that (1/20 Ecc) single jersey  and rib core knitted 
fabric showed three times higher thermal absorptiveness values compared to the hollow 
knitted fabrics. 
Where as in  (1/23 Ecc) single jersey and interlock core knitted fabric showed 
three times more thermal absorptiveness values compared to the hollow knitted fabrics. 
In case of rib core knitted fabric thermal absorptiveness value was twice higher than the 
hollow knitted fabrics. 
Hence, from table 7 and 8 and figure 16, it can be seen that hollow knitted fabric 
structures had much lower values of thermal absorptiveness compared to core knitted 
structures. Hence that will provide “warmer” feel which makes them suitable for winter 
clothes. On the other hand, core knitted fabrics will be ideal for summer clothing.  
Removal of core component definitely reduces thermal absorptiveness. Hence there is no 
prominent effect of knit structures on thermal absorptiveness.  
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5.2.2 Thermal Conductivity (λ) 10
-3
Wm
-1
 k
1
 
It is a measure of how effectively a textile material conducts heat. A good textile 
conductor is a bad insulator. Hence, a low thermal conductivity value indicates that the 
textile material is good thermal insulator. The values obtained from core and hollow 
knitted fabrics are given below. 
 
 
 
          Table 9: Thermal conductivity results between core and hollow knitted fabric 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
           Fig 17: Thermal conductivity comparison between core and hollow knitted fabric 
 
 
1/20 ECC
 
1/23 ECC
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-- 
51.9 
59.6 
72.5 
27.1 
37.5 
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From table 9 & fig 17, it can be seen that the (1/20 Ecc) single jersey and rib core 
knitted fabric showed double the  thermal conductivity values compared to the hollow 
knitted fabric.  
In case of (1/23 Ecc)  single jersey core knitted thermal conductivity value was 
higher than 80% compared to the hollow knitted fabric, where as  rib core knitted showed 
59% more value than hollow knitted fabric. Overall results (1/23 Ecc) show higher 
thermal conductivity values in both the cases of core and hollow knitted fabrics compared 
with 1/20 Ecc. 
Core yarn knitted fabrics have higher thermal conductivity than the Hollow yarn 
knitted fabrics in all the three knit structures produced. This can be due to the entrapment 
of the air in hollow gaps in case of hollow knitted fabrics. Air is a bad conductor and a 
good insulator and hence decreases the thermal conductivity. 
  While considering this parameter according to the kind of knit structure, it can 
be seen that the interlock structure have the highest values of thermal conductivity.  This 
can be attributed to the compact structure of interlock fabrics compared to the single 
jersey and Rib structure. Single jersey structure is more open compared to rib and 
interlock and hence it has got low thermal conductivity. 
 In general the difference between core knitted fabric and the hollow knitted fabric 
the difference is apparent. In all cases the fabrics without core where characterized by 
lower value of thermal conductivity than the fabrics with core component. 
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5.2.3 Thermal diffusion (α) 10
-6
m
2
.s
-1
  
Thermal diffusion is an ability related to the heat flow through the fabric 
structure. The values obtained from core and hollow knitted fabrics are given below.  
. 
1/20 ECC
 
1/23 ECC
  
Core Knitted Hollow Knitted Core Knitted  Hollow 
Knitted 
Single Jersey 
Rib 
Interlock  
0.158 
0.174 
-- 
          0.142 
 0.150 
-- 
0.153 
0.283 
0.212 
0.147 
0.163 
0.170 
 
                 Table 10: Thermal diffusion results between core and hollow knitted fabric 
 
 
 
 
                
 
 
 
 
 
 
 
 
             Fig 18: Thermal diffusion comparison between core and hollow knitted fabric 
 
         While considering (1/20 Ecc) single jersey and rib core knitted fabric showed 10 
to16% higher thermal diffusion values compared to the hollow knitted fabrics. In case of 
(1/23 Ecc) single jersey core and hollow knitted fabric have almost the same value.  
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Interlock core knitted fabric showed 25 % higher thermal diffusion value compared to the 
hollow knitted fabric. Of all the three knitted structures, rib core knitted fabric showed 
highest thermal diffusion value. 
All types of core knitted structures had higher thermal diffusion compared to the hollow 
knitted structures. Hollowness can be the main reason for lower heat flow through the 
fabric structure in case of hollow knitted fabric.  For core knitted fabrics, there is a 
greater influence of knit structures on thermal diffusion. In case single jersey knit 
structures have low thermal diffusion compare to rib and interlock structures. This again 
is attributed to more open structure of single jersey structure. In case of hollow Knitted 
fabrics (1/23 Ecc), an unexpected result was seen in case of rib structure with highest 
thermal diffusion compared to other core and hollow knitted yarn structures. It was not 
possible to come up with a plausible reason at this stage to explain this phenomenon.  
 
5.2.4 Thermal Resistance(R) 10
-3
K.m
2
.W
-1
 
Thermal resistance is the ability of a fabric structure to resist the heat flow 
through it and is connected with fabric thickness. The values obtained from core and 
hollow knitted fabrics are given below. 
 
  
                          Table 11: Thermal resistance results between core and hollow knitted fabric  
 
 
 
 
 
 
1/20 ECC
 
1/23 ECC
  
Core Knitted Hollow Knitted Core Knitted  Hollow Knitted 
Single Jersey 
Rib 
Interlock  
24.10 
21.45 
            -- 
17.13 
20.50 
-- 
26.50 
22.60 
43.25 
19.20 
17.50 
         42.70 
 
 87 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          
              Fig 19: Thermal resistance comparison between core and hollow knitted fabric 
 
Single jersey core knitted fabric (1/20 Ecc) showed 28% more thermal resistance value 
compared to the hollow knitted fabric. Rib core knitted fabric (1/20 Ecc) showed 4% 
variance than the hollow knitted fabric, where as (1/23 Ecc) rib core knitted fabric 
showed 23 % higher thermal resistance value compared to the hollow knitted fabric. 
Interlock core knitted fabric showed higher and similar thermal resistance value 
compared to rest of the structures in both the cases of core and hollow fabrics. 
Core yarn knitted fabrics showed highest values for this parameter; whereas 
hollow yarn knitted fabrics had lower values of thermal resistance. Thermal resistance is 
an important factor in determining thermal insulation which in turn governs thermal 
comfort properties of the textiles. Thermal resistance is directly proportional to the fabric 
thickness. Fabrics with single jersey and rib structures are characterized by a slightly 
greater thickness which results from the fabric hollowness through chemical treatment. 
Interlock structure showed remarkable thermal resistance value in hollow knitted fabrics 
which results from the fabric structure and chemical treatment. Hence they offered more 
thermal resistance. In case of core yarn knitted fabrics, the influence of knit structures 
was not regular and it was difficult at this stage to come up with a suitable reason to 
explain it. 
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5.2.5 Fabric Thickness (mm) 
Fabric thickness is one of the phenomenon’s to find the fabric density of a given 
material. The values obtained from core and hollow knitted fabrics are given below. 
 
1/20 ECC
 
1/23 ECC
  
Core Knitted Hollow Knitted Core Knitted  Hollow Knitted 
Single Jersey 
Rib 
Interlock  
1.69 
1.18 
-- 
0.75 
0.93 
-- 
1.67 
1.04 
1.87 
0.74 
0.85 
1.84 
 
                           Table 12: Fabric thickness between core and hollow knitted fabric 
 
                     
 
 
 
 
 
 
 
 
 
 
 
 
                Fig 20:  Fabric thickness variances between core and hollow knitted fabrics 
 
From the figure 20, In both the cases (1/20 Ecc and 1/23 Ecc) single jersey hollow 
knitted fabric showed 49-56% lower fabric thickness values compared to core knitted 
fabric and  rib hollow knitted fabric showed  18-21% lower fabric thickness compared to 
the core knitted fabric. In case of interlock there is no much difference in fabric thickness 
comparing core and hollow knitted fabric. 
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It has to be stated that fabrics with various structure knitted by both types of yarn shows 
consistent trend. As stated before, thermal resistance is a very important parameter from 
the point of view of thermal insulation and is proportional to the fabric thickness. 
For interlock structure the reduction of thickness was not even, whereas the other two 
structures, a higher percentage of reduction of fabric thickness are noticed after 
dissolving core component. 
Peak heat flow 
The maximum heat flow from the skin to the fabric appears at the moment of 
contact of the cold fabric with human skin. With time the heat flow stabilized itself at a 
determined level, which is called peak heat flow or stationary heat flow.  
 
Peak heat flow density ratio Peak heat flow density 
1/20 ECC
 
1/23 ECC
 
1/20 ECC
 
1/23 ECC
 
 
Core 
Knitted 
Hollow 
Knitted 
Core 
Knitted 
Hollow 
Knitted 
Core 
Knitted 
Hollow 
Knitted 
Core 
Knitted 
Hollow 
Knitted 
Single Jersey 
Rib 
Interlock  
1.98 
1.48 
-- 
0.845 
1.00 
-- 
1.83 
1.32 
0.910 
0.929 
1.25 
0.780 
0.380 
0.428 
-- 
0.163 
0.165 
-- 
0.394 
0.456 
0.525 
0.211 
0.347 
1.529 
 
           Table 13: Peak heat flow density ratio results between core and hollow knitted fabric 
 
 
 
 
 
 
 
 
 
 
 
 
  Fig 21: Peak heat flow density ratio comparison between core and hollow knitted fabrics 
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        Fig 22: Peak heat flow density comparison between core and hollow knitted fabrics 
  
The peak heat flow density ratio is one of the parameters which characterize 
fabric thermal insulation, and like thermal absorption, is a surface property. The ratios of 
maximum to stationary heat flow density for all fabrics are tabulated above. Concerning 
the influence of knitted structure, it has been noted that single jersey structure gives 
higher ratio than other structures. Core knitted fabrics are characterized by a higher ratio 
value than the hollow knitted fabrics. 
 Fabrics of rib structure have higher values of heat flow density than those of 
single jersey structure. It has been noted that, a surprising trend was observed in the case 
of interlock structure. These values show much more erratic behavior. 
 On the basis of the results obtained from parameters measurement, it has been 
noted that there are many possibilities for creating fabric properties which influence their 
comfort of use. 
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5.2.6 Air Permeability (A) dm
3
m
-2
s-1 
  Air permeability is a hygienic property of textiles which influences the flow of 
gas from the human body to the environment and the flow of fresh air to the body. Air 
permeability depends on fabric porosity, which means the number of canals in the textile 
fabric, its cross-section and shape. Thermal properties are essentially influenced by air 
permeability. The values obtained from core and hollow knitted fabrics are given below. 
  
 
1/20 ECC
 
1/23 ECC
  
Core Knitted Hollow Knitted Core Knitted  Hollow Knitted 
Single Jersey 
Rib 
Interlock  
56.35 
22.45 
-- 
224.60 
268.20 
-- 
66.26 
17.48 
89.39 
212.6 
281.0 
188.7 
 
                     Table 14: Air permeability results between core and hollow knitted fabric 
 
 
 
 
     
 
 
 
 
 
 
 
 
 
                    Fig 23: Air permeability comparison results between core and hollow knitted fabric 
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Considering the single jersey core knitted fabrics (1/20 Ecc and 1/23 Ecc) air 
permeability values of hollow fabrics are three times higher, where as in case of rib core 
knitted fabrics it showed higher amount of variations (12-16 times more) in air 
permeability values. Interlock hollow knitted fabric showed twice higher values 
compared to the hollow knitted fabric. 
 It was noted that the core knitted fabrics, in general, have low air permeability, 
whereas after dissolving the core components the hollow fabrics showed much higher 
values. 
 Considering the influence of the kind of structure of knitted fabrics, the highest 
value was observed for fabrics with single jersey and rib structure than the interlock 
structure. Fabrics of hollow knitted have a higher value of air permeability than fabrics 
with core component, so from this point of view they are more suitable for summer 
clothing 
5.2.7 Fabric spirality  
Spirality is a particularly serious problem for knitted fabrics due to asymmetric 
loops. It is necessary that the wale on the knitted fabric be perpendicular to the course. 
However, the wales are not always perpendicular to the course and skew to the right or 
left, forming a spirality angle. Residual torque  believed to be the most important and 
fundamental factor affecting the degree of fabric spirality and the other factor influencing 
spirality is the number feeder used in circular knitting m/c which gives close constraint to 
the fabric spirality. 
 The spirality angle obtained from core and hollow knitted fabrics are given 
below. 
Angle of spirality  
1/20 ECC
 
1/23 ECC
  
Core Knitted Hollow Knitted Core Knitted  Hollow Knitted 
Single Jersey 
Rib 
Interlock  
11.25 
6.25 
-- 
17.5 
22.50 
-- 
12.50 
8.75 
5.00 
25.00 
18.75 
5.62 
 
                         Table 15:  Spirality results between core and hollow knitted fabric 
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       Fig 24: Spirality testing result comparison between core and hollow knitted fabrics  
 
From the figure 24, single jersey hollow knitted fabric (1/20 Ecc) is 36% higher spirality 
angle compared to the core knitted fabric, where as in (1/23 Ecc) single jersey hollow 
knitted fabric showed 100% more than the core knitted fabric. 
 Rib hollow knitted fabrics in both the cases (1/20 Ecc and 1/23 Ecc) shows higher 
amount of spirality angle (2-4 times) compared to the core knitted fabric. Interlock 
fabrics showed nearly similar results in both the cases of core and hollow knitted fabrics. 
It is noticeable from the data that the values of spirality in single jersey fabrics are 
increased while using 140D nylon filament and its subsequent dissolving. Whereas, the 
reverse trend was observed while using finer 77D nylon filament core and its subsequent 
dissolving. 
It is that spirality value of knitted fabrics produced with rib structure is higher than the 
value obtained from the corresponding knitted fabrics with core. 
During dissolving of core component, the Wales direction was disturbed in an 
irregular manner, and thus spirality is increased. 
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5.2.8 Fabric Stretch and Recovery (mm) 
Fabric stretch percentage is calculated in both the directions of the fabric using 
constant rate of elongation instrument. For knitted fabric it’s a must to note the rate of 
elongation and recovery for apparel manufacturing, the measurements were noted under 
different circumstances like stretch under load and removing the load in both the length 
and breadth wise directions.  The values obtained from core and hollow knitted fabrics 
are given below. 
                                                        1/23 ECC 
Recovery % (After Removing Load)   Stretch Percentage under 
load of  (60N)  At 0 min After 10 min 
 Lengthwise 
Wales direction 
Width  wise 
Course direction 
Length wise 
Wales direction 
Width wise 
Course direction 
Length wise 
Wales direction 
Width  wise 
Course direction 
 
Core 
Hollow 
Core Hollo
w 
Core 
Hollow 
Core 
Hollow 
Core Hollo
w 
Core Hollo
w 
Single 
Jersey 
69 68 90 102 23 34 20 62 14 28 13 56 
Rib  23 73 116 106 4 43 48 66 2 30 29 44 
Interlock 47 51 42 46 9 9 8 9 6 4 0.9 5 
          
       Table 16: Elongation results between core and hollow knitted fabrics (1/23Ecc)   
 
 
 
       
 
 
 
 
 
 
 
 
 
Fig 25: Fabric elongation under load [between core and hollow knitted fabrics] (1/23 Ecc). 
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 Fig 26: Fabric elongation measured after removing load [between core and hollow knitted fabrics].                   
                    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Fig 27: Fabric elongation measured after 10 min [between core and hollow knitted fabrics] 1/23 Ecc                       
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                                                                                  1/20 ECC    
Recovery % (After Removing Load)   Stretch Percentage under 
load of  (60N)  At 0 min After 10 min 
 Length wise 
(Wales) 
Width wise 
(Course) 
Length wise 
(Wales) 
Width wise 
(Course) 
Length wise 
(Wales) 
Width wise 
(Course) 
 
Core 
Hollow 
Core 
Hollow 
Core 
Hollow 
Core 
Hollow 
Core Hollo
w 
Core Hollo
w 
Single 
Jersey 
33 60 62 103 11 28 20 64 10 24 17 58 
Rib  111 78 27 113 60 40 6 67 55 32 3 49 
 
  Table 17: Fabric elongation results between core and hollow knitted fabrics (1/20 Ecc) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 28: Fabric elongation under load [between core and hollow knitted fabrics (1/20 Ecc) 
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  Fig 29: Fabric elongation measured after removing load [between core and hollow knitted  
              fabrics (1/20 Ecc). 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig 30: Fabric elongation measured after 10 min [between core and hollow knitted Fabrics] (1/20 
Ecc) 
     
The tables show the values of stretch % under load and after removing load observed in 
core knitted and dissolved core, knitted fabrics in single jersey, rib and interlock 
structures. It is noticeable that the stretch % of hollow yarn knitted fabrics are higher 
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values compared to core knitted fabrics. This is due to the absence of filament component 
in the middle. 
The hollow knitted fabric stretched in length wise direction and stretch 
excessively in width wise direction after chemical treatment. All fabrics show higher 
recovery when they are stretched in the wale direction. However, all single jersey fabrics 
are characterized by higher stretch in course direction too. This is a positive feature, since 
tightly fitting garments made of weft knitted fabrics touch the human body slightly. 
There is no clear reaction between single jersey fabric and interlock structure. In 
general, from these test result, it may be concluded that the fabrics show higher 
elongation in the wales than in the course. 
5.2.9 Fabric Dimension change due to Chemical Treatment 
   
          The dimensional stability of a fabric is a measure of the extent to which it keeps its 
original dimensions subsequent to its manufacture. The values are measured in different 
fabric stages (before and after chemical treatment) and values are given below. 
 
                    1/23 ECC 
Sno 
Weight/ g 
  
Fabric 
 
 
 
Before 
Treatment 
 
After 
Treatment 
   Loss  % 
 
Lengthwise 
Elongation  
      (mm) 
Wales Direction 
 
 
Width wise 
Elongation  
      (mm) 
Course Direction 
 
Single Jersey 2.97 2.03 31.64 120/123  
(22) % 
110/112  
(11) % 
Rib  3.09 2.11 31.67 109/111 
 (10) % 
115/112  
(13) % 
Interlock  4.18 3.06 26.79 100 
 (0) % 
100  
(0) % 
 
Table 18:  Dimensional stability results of fabric before and after chemical treatment (1/23 Ecc)  
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Fig 31: Results obtained from Fabric weight before and after chemical treatment (1/23 Ecc) 
 
 
 
 
 
 
 
 
 
 
 
 
 
    Fig 32: Results Showing Fabric weight reduction after chemical treatment (1/23 Ecc)  
 
From fig 32 it has been noted that after chemical treatment the fabric weight reduces 
from its original weight in all the three structures. In case of single jersey and rib fabric 
the weight loss showed similar results of 31.64%, where as interlock fabric showed 27% 
of weight loss.  
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          Fig 33: Dimensional changes in the Fabric after chemical treatment (1/23 Ecc) 
 
Dimensional change in the fabric after chemical treatment showed single jersey knitted 
fabric shows 11% higher dimensional expansion in length wise direction than width wise 
direction. Where as rib knitted fabric showed 3% more dimensional expansion in width 
wise direction than the length wise direction.  
 
1/20 ECC  
Sno Weight/g  
Fabric Before 
Treatment 
After 
Treatment  Loss % 
 
Length wise 
  Elongation 
       (mm) 
 Wales Direction 
 
Width wise 
elongation 
     (mm) 
Course Direction 
Single Jersey 2.59 1.38 46.71 
115/113 
(14%)  
121/126 
(23%) 
Rib  2.65 1.43 46.03 
114/115 
(14%) 
120  
(20%) 
 
 
Table 19:  Dimensional stability results of fabric before and after chemical treatment (1/20Ecc) 
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       Fig 34: Results obtained from Fabric weight before and after chemical treatment (1/20 Ecc) 
 
 
 
 
 
 
 
 
 
 
 
 
 
                Fig 35: Results showing weight reduction after chemical treatment (1/20 Ecc) 
 
From fig 35 it has been noted that after chemical treatment the fabric weight reduces 
from its original weight in all the two structures. Single jersey and rib fabric shows 
weight loss of 46-47%. 
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                Fig 36: Dimensional changes in the Fabric after chemical treatment (1/20Ecc) 
 
  After chemical treatment, single jersey knitted fabric from the Fig 36, showed 9% 
higher dimensional expansion in course wise direction than wales wise direction. Where 
as rib knitted fabric shows 6% more dimensional expansion in course wise direction than 
the Wales wise direction.  
Estimation of weight  of the fabrics before and after treatment with 80 % formic and acid 
revealed that the weight loss is around 20 to 50 % this clearly indicated the dissolving of 
nylon core component in all the knitted fabric samples. 
The reaction of formic acid which dissolved the nylon component may be one of the 
reasons for increase in length (wales wise) in all the knitted structure samples resulting in 
fabric elongation.  
This phenomenon may be true in all the knitted structures produced and hence 
stretching taken place in all direction in the order of 14 to 23 %. 
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5.2.1 Wettability   
  The wettability property shows the wicking behavior of any liquid on a fabric. In 
this test water has been used as a liquid medium for wickability of the fabric. The table 
shows the Wettability results in seconds for various knitted structures made. 
                                                              1/20 ECC 
 With core  
(Time in seconds) 
Without core  
(Time in seconds) 
Single Jersey 27.159 0.305 
Rib 50.404 0.453 
 
                        Table 20:  Wettability results between core and hollow knitted fabric         
    
      Fig 37: Comparison of wettability results between core and hollow knitted fabrics (1/20 Ecc) 
 
                                       1/23 ECC 
         Knit structure With core  
(Time in seconds) 
Without core 
(Time in seconds) 
Single Jersey 48.056 0.466 
Rib 51.092 0.485 
Interlock 58.155 0.931 
 
               Table 21:  Wettability results between core and hollow knitted fabric (1/23Ecc) 
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       Fig 38: Comparison of wettability results in seconds between core and hollow knitted     
                     Fabrics (1/23 Ecc)    
All the knitted fabrics with core shows slow rate of wetting whereas, the knitted fabrics 
after dissolving the core component, exhibit rapid rate of wetting. This indicates that the 
absorbency increased after the dissolution of nylon as can be seen by the decrease in time 
in second as shown in above figure. 
 
5.2.11 Bursting Strength 
This test method describes the measurement for bursting strength of 
knitted fabric to find the strength of the fabric when it is under stress. The 
table shows the bursting strength results in Newton for various knitted structures made. 
                                                            1/20 ECC 
 
      Table 22: Bursting strength results between core and hollow knitted fabrics (1/20 Ecc)         
Force at Bursting Point(Newton) Deflection (Mm)  
CORE HOLLOW CORE HOLLOW 
Single Jersey 
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4300 
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--- 
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 1/23 ECC 
 
           Table 23: Bursting strength results between core and hollow knitted fabrics (1/23 ECC) 
          
 
 
 
 
 
 
 
 
 
Fig 34: Comparison of bursting strength at break between core & hollow knitted fabrics 
 
           Fig 39: Comparison of bursting strength between core and hollow knitted fabrics 
 
 
 
 
 
 
 
 
 
 
 
 
        Fig 40: Comparison of bursting strength at deflection between core and hollow knitted fabrics  
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From the above results 1/20 Ecc single jersey and rib core knitted fabric shows 75 to 78% 
higher bursting strength values compared to the hollow knitted fabric, where as in 1/23 
Ecc single jersey core knitted fabric showed 58 to 69% higher bursting strength than 
hollow knitted fabric. Interlock hollow knitted fabric (1/23 Ecc) showed only 20% lower 
value compared to the core knitted fabric. 
            The above results shows that the bursting strength of all the hollow knitted fabrics 
decreased drastically except the interlock hollow knitted fabric, when compared to the 
core knitted fabrics. It is obviously due to absence of stiff filament component in the 
hollow structure. Generally, the acceptable bursting strength for knitted fabrics is in the 
range of 400-550N [83], which in turn is governed by various factors involved during the 
knitting process. Nevertheless, the bursting strength of hollow yarn knitted fabrics were 
enough to be suitable for different textile applications. Further research has to be done to 
develop the hollow yarn knitted fabric to suit for various commercial applications. 
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6.0 CONCLUSION 
 
A simple method was used in this study to produce hollow yarn knitted fabrics. 
The thermal comfort properties of core yarn knitted fabrics and hollow yarn knitted 
fabrics were investigated and compared. Both core yarn knitted fabrics and hollow yarn 
knitted fabrics influences fabric properties characterizing their thermal comfort 
properties. Also, the influence of knit structures was observed and discussed. The 
influence of knit structures on thermal comfort properties seem to be significant. Hence, 
further detailed studies can be undertaken to establish the nature of the effect of knit 
structures on thermal comfort properties of the fabrics produced in this work. 
The physical and utility properties such as bursting strength, spirality, percentage 
stretch, wettability, etc. were also assessed. The utility properties determine the suitability 
of the textile product (in this case, core knitted fabrics) for commercialization. On the 
basis of results obtained from the work, the utility properties of the hollow yarn knitted 
fabrics were found not to be satisfactory enough to recommend them as suitable for 
commercial production. 
        From the results discussed above, it can be stated that from the point of view of 
thermal conductivity, core yarn knitted fabrics have better thermal comfort properties 
than hollow yarn knitted fabrics. Therefore, it was recommended that core yarn knitted 
fabrics should be preferred for summer clothing. But, considering “warm-cool feeling” 
and air permeability, hollow yarn knitted fabrics were superior to core yarn knitted 
fabrics during winter.  
        Hollow yarn knitted fabric shows higher thermal insulating properties; hence, it was 
recommended that hollow yarn knitted fabrics should be used in sports wears and active 
wears. The “warm-cool feeling” is involved in fabric handle generally perceived by the 
hands and this feeling strongly affects the choice of people when buying garments and 
clothing. Thus, hollow yarn knitted fabrics produced may have the advantage of obvious 
selection by the user irrespective of the application for which they are specified.  
 
Thus, it can be stated that hollow yarn knitted fabrics offer numerous possibilities 
for creating fabric properties which influence their comfort of use. 
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7.0 Future Scope of the Project  
 
• The material of Core component can be selected to attain ease of solubility and 
cheaper price. 
• Spinning parameter can be changed and studied 
• Denier of the core yarn and core %  can be altered and studied for increased or 
decreased hollowness for the same count 
• Different solvent for dissolving the core can be used and changed in the properties of 
hollow yarn can be studied 
• Different types of applications and end uses can be developed  
• Hollow knitted fabric can be used to produce modern weather protective layering 
system. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 109 
 
 
 
 
8.0 limitations in this Research  
 
• During the spinning, the piecing of end breakage is very difficult than the normal 
process. Hence it required extra care and skill for labour and the piecing times also 
increase due to unskilled labour, hence the productivity is decreased. 
• More number of labours are required to attend the end breakage than the normal 
spinning process 
• The spindle speed should be reduced in order to avoid end breakage during the 
spinning operation. 
• The filament tension has to be kept constant in all the spindles 
• Difficulty in formation of core knitted loop structures due to higher snarling tendency 
however necessary process adjustment have been done for the success knitting of 
plain and rib knitted structures. 
• Difficulty in formation of core interlock knitted structure due to higher snarling 
tendency and formation of fabric defects.  
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10.0 Appendix                                                                                                
10.1 Project related photos 
 
            
 
             
                       Fig 41:   Ring frame attachment 
 
 
 
  
                          
                                         
                                    
                                       Fig 42:  Core yarn manufacturing unit in conventional ring frame 
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                                  Fig 43: core yarn supply package in form of cones 
 
                       
                           
                                 Fig 44:  Setting core yarn tension in circular knitting m/c 
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                                   Fig 45:  Fabric forming in knitting m/c assembly 
 
 
                     
                                      
                                                  Fig 46: fabric produced in circular knitting m/c 
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                                  Fig 47: Rib structure produced in wider width circular knitting m/c 
 
 
                         
                                     
                                  Fig 48: Adjusting the speed in wider width circular knitting m/c 
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                                           Fig 49: wider width circular knitting m/c 
 
 
                       
                                     
                                              Fig 50: Chemical treatment of fabrics in dyeing m/c 
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                                         Fig 51: Fabric is under chemical treatment 
  
 
                   
  
                                  Fig 52:  samples were chemically tested in sample dyeing m/c 
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                                  Fig 53: Fabric is tested for their tensile properties 
    
 
 
                
                    
                 Fig 54: Fabric is tested for their thermal properties using Alambeta instrument 
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   Fig 55: Fabric is tested for their Air permeability properties using permetest instrument 
 
 
             
                
                                Fig56: Fabric is tested for their wettability propertie 
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                Fig 57: Fabric sample is tested for their Dimensional stability 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                             
                          Fig 58-: Fabric sample is tested for their spirality properties 
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